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Abstract

Azobenzenes are one of the prominent classes of molecular photoswitches that exhibit
widespread applications, from smart materials (photo-controlled actuators, adhesives, energy
storage materials, non-linear optics, etc.) to biology (bioimaging, drug delivery,
photopharmacology, etc.). They are known for photoisomerization between a
thermodynamically stable E-isomer and a metastable Z-isomer. The forward (E-Z)
isomerization is mainly driven by UV light, whereas reverse (Z-E) isomerization can be
induced by visible light or heat. However, UV light is harmful and potentially causes damage
to the surface of the material. The utility of azobenzenes in real-life applications demands
excellent bidirectional performance, long Z-isomer stability, photoswitching with visible light,
photoswitching in aqueous media, and photoswitching in the bulk state, some of which are
challenging. Recent explorations on replacing one of the six-membered azobenzene rings with
a five-membered heterocyclic ring led to outstanding photoswitching behavior and
exceptional thermal stability of Z-isomer. Motivated by the recent progress in this direction,
we considered designing bidirectional visible light photoswitchable azo compounds with a
long stable Z-isomer, photoswitching in water, and the bulk state as the major objectives of
the thesis.

Towards designing bidirectional visible light-driven azo photoswitches, we introduced
cyclic aliphatic amine at the ortho position of azoheteroarenes. Furthermore, we synthesized
22 derivatives with different azoheteroarenes (azopyrazole, azoisoxazole, and azopyrrole),
varying the size of the cyclic aliphatic amines using a simple synthetic strategy with excellent
yields. To understand the effect of substitution on the photoswitching properties and Z-isomer
stability, we performed UV-Vis and *H-NMR spectroscopic studies. Substitution at 3,5-
position of azoheteroarenes (azopyrazole and azoisoxazole) with phenyl shows further red-
shifted absorption compared to methyl substitution. To stabilize the Z-isomer, fluorine
substitution is introduced at the ortho position of azoheteroarenes and cyclic amines. All the
molecules exhibit bidirectional photoswitching under visible light with tuneable half-lives
between minutes to hours/days. More importantly, moderate to good conversions were
observed with forward (E-Z) isomerization with violet to green light and reverse (Z-E)
isomerization with blue to red light. Through this, a structure-activity relationship has been
established.

The next aim was to construct azo compounds capable of bidirectional photoswitching in
water with tunable or high Z-isomer stability. In the first approach, we quarternized the



pyridine nitrogen of pyridylazoheterarenes to make the ionic photoswitches. We synthesized
eight derivatives of heteroaryl azopyridinium ionic photoswitches (HAPIPS) with varying
azoheteroarens (azopyrazole and azoisoxazole), substitution at azoheteroarene ring (Me vs
Ph), counter anions. All the molecules showed moderate to good bidirectional photoswitching
in water. Apart from that, the derivatives exhibit thermal stability of Z-isomer from seconds
to days. Further, to achieve quantitative photoswitching with the exceptional thermal stability
of Z-isomer, we have designed 36 arylazopyrazolium ionic photoswitches (AAPIPSs)
derivatives by quaternization of substituted arylazopyrazoles. All the derivatives showed
quantitative forward photoisomerization, while reverse photoisomerization was moderate to
excellent in water and organic solvents such as DMSO, CH3CN, MeOH, chloroform, and
toluene. The parent derivative shows 157 days half-life in the water and 55 days in DMSO at
room temperature.

In the last part of the work, to achieve photoswitching in the bulk state in multiple
azo(hetero)arenes synthesized in a tripodal Cs-symmetric mode. The azopyrazole-based C3
derivatives show excellent photoswitching in solution, solid state with photochromic behavior
confirmed by UV-Vis, tH-NMR, and PXRD techniques. The solid-state photoswitching was
exploited towards fully light-driven image writing and erasing applications. Upon bringing
flexible connection, the phenomena can be observed as photochromism in the forward and

thermochromism in the reverse direction.



Chapter 1. General Introduction

1.1 Photochromism

Photochromism is one of the oldest phenomena which express toggling of a chemical
species between two isomeric states by light.> Historically, photochromic materials were used
during the era of Alexander the Great (356-323 BC), but scientifically, in 1867, Fritsche stated
about the fading of an orange solution of Tetracene in daylight and color recovery in the dark
(Scheme 1.1).2 Similarly, ter Meer discovered potassium salt of dinitroethane, which showed
a color change in the solid state from yellow in the dark to red in the daylight.® Another early
example comes from Phipson, who observed that fence posts turn black during the day while
in the night it was white. This came from a zinc pigment probably lithopone.* The interest in
photochromism was in the aftermath continuous, although limited, until between 1940 and
1960 increased mechanistic and synthetic studies especially in the working groups of
Hirshberg and Fishermen in Israel. In the early 1950s, Hirshberg first time presented the term
“Photochomism” of dianthrone by ultraviolet irradiation at low temperatures.> This name is
valid even today. However, the phenomenon is not limited to colored compounds, but
encompasses systems ranging from short-wave UV to long-wave IR absorbtion, very fast ones

as well as very slow thermal processes.
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Scheme 1.1. Photochromism in tetracene.

In the case of photochromic molecules, light can induce various physical changes such
as melting point, dipole moment, size, shape, etc., as well as chemical processes such as,
isomerization, tautomerization, bond cleavage, cyclization, coordination changes, redox
reactions, electron-hole pair generation, spin crossover, etc.® Through the photochemical
processes, the more stable state or the isomeric form of the photochromic molecule can be

converted into a less stable state or isomer. The reversal or attainment of the original status of



the photochromic molecules can be achieved either thermally or photochemically (by

irradiating the sample with a different wavelength of light).

In recent times, several organic photochromic compounds such as azobenzenes,
stilbenes, spiropyranes, fulgides, diarylethenes, chromenes, donor-acceptor Stenhouse aducts
(DASAS), etc. have been explored. Most of these compounds show excellent photochromic
behaviour and reversibility. Based on the mechanism associated with the molecular
transformation, these photochromic compounds may belong to one of the following three

major classes:

(1) E-Z-E isomerization (C=C bond or N=N bond): Azobenzene, stilbenes, indigo,

hemiindigoid, hydrazone.

(i) Electrocyclic reaction: Spiropyran, diarylethenes, fulgides, dihydropyrene, norbornadiene,
DASAs

(iii) Photoinduced cyclization and tautomerization: Chromene, dihydoazulene

Depending on the energy barrier between the two-isomeric species involved, there can be two

possible types of photochromic molecules.®

() T-type (Thermally reversible type): If the barrier is low, the metastable can spontaneously
be converted back to the more stable isomer. Such systems are called T-type referring to the

thermally induced reaction. e.g., stilbenes, spiropyranes, chromenes and azobenzenes.

(i) P-type (photochemically reversible type): If the barrier is high, only light can be able to
induce the isomerization between them. The resulting bistable system is called as P-type,

which represents photo-induced photochromism. e.qg., stilbenes, diarylethenes and fulgides.

In the case of photochromic molecules, light can induce various chemical processes such as,
isomerisation, tautomerisation, bond cleavage, cyclization, coordination changes, redox

reactions, electron-hole pair generation, spin crossover, etc.

1.2 Important classes of organic photochromic molecules

1.2.1 Spiropyrans
From the beginning of 20" century, spiropyrans are one of the important and oldest
class of organic photochromes till present time due to their unique structural isomerisation in

response to a variety of orthogonal stimuli, e.g., light, temperature, metal ions, redox potential,



and mechanical stress. The spiropyran molecules contain two types of orthogonally bound
heterocyclic groups, an indoline and a chromene moiety through a spiro junction at carbon
atom. Electronic spectra of such systems exhibit typically a band at wavelength 272—296 nm,
which is attributed to the n—=n* electronic transition in the indoline part, and band between
323-351 nm corresponds to the chromene moiety. The native spiropyran (closed ring isomer)
can be isomerized into structurally distinct ring open isomer (known as merocyanine) by the
cleavage of the Cspiro—O bond. The ring-opening phenomenon presented either as a heterolytic
C—O bond or as a 67 electrocyclic ring opening, leading to the zwitterionic or the quinoidal

resonance forms, respectively (Scheme 1.2.1).%
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Scheme 1.2.1. Photoswitching behaviour of spiropyran.

1.2.2 Fulgides

Fulgides are eminent thermally stable photochromic (P-type) switch, which have at
least one aromatic ring on the exo-methylene carbon atom. Fulgides show 6mn-
electrocyclization to form a 1,3,5-hexatriene structure.” The photochromism of fulgide occurs
between one of the colorless open form and the coloured cyclized species, which can be
interconverted by light-driven electrocyclic ring closing and ring opening mechanism.
Typically, these molecules possess a heteroaromatic ring in their structure. It exhibits three
thermally stable isomers E-, Z- and C-forms (Scheme 1.2.2).
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Scheme 1.2.2 Photoswitching behaviour of fulgide.



Among the three, E- and Z-isomers exist in the ring opened form, which can undergo
photoisomerization between them. Indeed, the E-Z isomerization channel competes with the
ring-closing reaction of the Z-isomer leading to the C-form. During the isomerization, polarity
changes occurred to a small extent. Once the C-isomer is formed, this reaction is thermally
irreversible. However, C-isomer can photochemically revert back to the Z-isomer in an
electrocyclic ring-opening reaction. The substituents present around the triene influence the
conformations of E- and/or Z-isomers of the fulgides in the ground state. These substituents
also effect the quantum yields in photoisomerization reaction.

1.2.3 Stilbenes

Stilbenes are widely studied class of photochromic switch, which can isomerize
between two states, E-isomer and Z-isomer. In stilbene, E-Z isomerization leads through C=C
bond isomerization. The Z-isomer (cis) of stilbene can further undergo 6 electrocyclisation,
resulting in a cyclized product, dihydrophenanthrene.® Further, in the presence of an oxidant
dihydrophenanthrene can undergo, irreversible aerial photooxidation (dehydrogenation)
yielding phenanthrene. This irreversible nature of stilbene makes it limited for various
applications (Scheme 1.2.3).
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Scheme 1.2.3. Photoswitching behaviour of stilbene.

1.2.4 Diarylethenes

Diarylethenes with heterocyclic aryl groups are a recently developed popular class of
P-type photochromic switch. Diarylethene photoswitch can exhibit reversible
photocyclization between their unconjugated open-ring isomer (0) and conjugated closed-ring
isomer (c) under irradiation using appropriate wavelength (Scheme 1.2.4).° Dithienylethene
molecules in the open form may exist as two conformational isomers, anti-parallel and parallel

conformations, The conformers exchange even at room temperatures.
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Scheme 1.2.4. Photoswitching behaviour of diarylethene.

The photocyclization reaction can occur only from the anti-parallel conformer upon
irradiation with UV light, indicating that the anti-parallel conformation is photoactive, while
the parallel conformation is photochemically inactive. Therefore, the quantum yield for the
cyclization reaction is dependent on the ratio of these conformations.

1.2.5 Chromenes

Chromenes are photochromic compounds with a benzpyram moiety that can
reversibly open its ring (Scheme 1.2.5). Becker and co-workers have studied the
photochromic behaviour of chromenes.!® These chromenes show excellent resistance to

photodegradation, which is similar to that of spirooxazines.
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Scheme 1.2.5. Photoswitching behaviour of chromene.

1.2.6 Donor-acceptor Stenhouse adducts (DASAS)

DASAs are new class of visible light driven photoswitches, which consist a donor,

acceptor, and triene-enol groups.

O O
E\¢\;)\O/I[Xr1 Visible light X'Y
R’ R B % X
o Heat R'N \RO
open closed

Scheme 1.2.6. Photoswitching behaviour of DASAs.



Upon irradiation, DASAs are isomerized from a strongly absorbed colored form into

a colorless (Scheme 1.2.6). These switches show interesting negative photochromism and

solvatochromism (negative photochromism-isomerization from strongly absorbs colored form

to a colorless form, solvatochromism- changing the absorption pattern of a species upon
changing the solvents).!!

Among all photoswitches, azobenzene is one of the widely used photoswitches for

numerous applications due to ease of synthesis, functionalization prospects and fatigue

resistant photoswitching.

1.3 Azobenzenes

1.3.1 Introduction of azobenzene

Since the discovery (Noble 1856), azobenzenes are undoubtedly mostly used
photoswitch due to their easy synthesis, tuneable physical properties, and several insightful
photophysical properties.*? In the beginning of 19" century, azobenzenes were mainly used as
dye molecules in texile industries and popularly known as azo dyes. Later, azobenzene
derivatives such as prontosil were identified as antibiotics due to the resemblance of their
metabolites mimicking para aminobenzoic acid, a bacterial metabolite that interfere with the
metabolic channel of the microorganism.*® Apart from that, they played significant role as the

pH indicators due to colour changes at different pH.

@ uv N=N
———

N. e i

) N Q
f Visible or heat

7 / m -
8 06 g oe{ ;
c c Do
g £ | :
5 0.4 5 04 | T
I 7] /
o o L
< < :
0.2 " 0.2 . n—m*
~ o | | /
0.0 ; ; 0.0 i,

300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Scheme 1.3.1. Photoswitching behaviour of azobenzene.



Photoisomerization ability of azobenzene has been explored with the discovery of cis
isomer (Z-isomer) in 1937 by Hartley.!* Furthermore, this delightful journey of
photoisomerization of azobenzene has been explored by Fischer, Frenkel, and Wolovsky with
introduction of wavelength dependent phtotoisomerization of trans (E) to cis (Z) or cis to
trans.'® Both isomers have different physical properties such as dipole moment, molecular
length, melting point, planarity and t-conjugation etc.'®1’ Generally, azobenzenes exhibit two
electronic transitions, which are identified in absorption spectra as n—n* and n—xn* bands
(Scheme 1.3.1). The E-isomer of azobenzene has planar structure and exhibits a strong n—n*
absorption, which is symmetry allowed, and a weak symmetry forbidden n—=* band. Upon E-
Z photoisomerization, the Z-isomer exhibits a blue shifted and weak n—=* band, whereas the
n—n* band gains enhancement due to vanishing of planarity and symmetry of Z-isomer
(Scheme 1.3.1).

1.3.2 Azoheteroarenes

Although heterocycle-based azoheteroarenes are known for several decades mainly
investigated as dyes or drug candidates, recently they devolved into an emerging class of
photoswitches. The photoisomerization journey of azoheteroarenes starts from
photoisomerization behaviour of 2, 2’-azopyridine studied by Le Favre in 1951.1® Later,
Campbell et al. have explored the symmetrical and unsymmetrical geometrical isomers of
azopyridines.!® Indeed, azopyridines are one of the broadly studied analogues among the
various azoheteroarenes. In spite of extensive studies on azopyridine photoswitching, studies
on photoisomerization aspects of other heterocyclic analogues were scarce for several
decades. The heterocyclic analogues of the azoarenes acquired an important status in recent
times. Attempts have been made towards achieving the important goals in improving the
photoswitching behaviour, and bringing tunability as well as stability to the
azoheteroarenes.?>?® Prior to this situation, major attention was given to the detailed
investigations on the kinetics and mechanistic aspects of azo coupling reactions in the
formation of several azoheteroarenes,?’*® whereas, their photoswitching behavior has been
seldom reported. The role of azoheteroarenes with photoswitching applications attained a new
era after the reports on photoswitchable contrast agents reported by Herges group.®* By using
nickel porphyrin and the azopyridine, they were able to modulate the magnetic properties by
light.3>3 As an extension, they have also developed a synthetic strategy to access
phenylazoimidazole.?®%® This report kick started the chemistry of azoheteroarene-based

photoswitches. Following the footsteps of this work, Fuchter and co-workers further improved
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the Z-isomer stability by replacing the imidazole with N-methylpyrazole unit.? In yet another
extensive work, they utilized different five-membered heterocyclic based azoheteroarenes and
demonstrated that the N-methylation is crucial, whereas the ortho substitution decreases the
stability of Z-isomer in azopyrazoles.?® Quite recently, Kénig and co-workers have developed
azoindoles that can be tunable between nanoseconds to days.?? Apart from the steric and
electronic effects through substituents, the hydrogen bonding is equally important in
controlling the stability of the Z-isomer in arylazopyrazoles.?* Following the recent trend in
visible light-induced molecular photoswitching, Kolarski et al. have synthesized
azoheteroarenes based on the purine scaffold for photopharmacological applications.® All
these results support the possibility of using azoheteroarene as better photoswitches in
futuristic applications. Particulalrly, the introduction of five-membered heterocyclic systems
such as azothiophene,*® azoisoxazole,* etc. tremendously influenced the Z-isomer stability,
photoswitching efficiency, and several interesting properties. Now the stage is reached for

several novel applications and improvement in the existing systems.

1.4 Classification(s) and types of azoheteroarenes

1.4.1 General Classification

Numerous heterocyclic-based azoarenes available in the literature. Azoheteroarenes

classified into the following four different types based on the number and nature of

heterocycles (Scheme 1.4.1):

A. Class—I (Monoheteroaromatic ring containing azoheteroarenes)

B. Class—Il (Bisheteroaromatic rings containing azoheteroarenes)

C. Class—I11 (Fused heteroaromatic ring(s) containing azoheteroarenes)

D. Class—1V (Partially or fully saturated heterocyclic ring containing/miscellaneous

azoheteroarenes)
1.4.1A Class—1 Azoheteroarenes

This is the most frequently reported class of azoheteroarenes. Overall, this class of

azoheteroarenes contains one heterocyclic ring, which is directly attached to the azo group
(Figure 1.4.1A). Simple or substituted phenyl group used to be the attachment at the other
side of the azo group. This class of azoheteroarenes can be further divided into sub-classes
based on the ring size of the heterocycle, and the number of heteroatoms.
Monoazoheteroarenes can be divided into two sub-types, based on the ring size, i.e., 5-

membered heterocyclic rings and 6-membered heterocyclic rings.
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Scheme 1.4.1. General classification of azoheteroarenes.

Figure 1.4.1A. Class-1 type azoheteroarenes: Examples of five-membered and six-
membered monoheterocyclic azoheteroarenes.

Further, these can be classified on the basis of the number of heteroatoms on heterocyclic ring

as mono-, di-, tri- and tetra-heteroatom containing rings.

1.4.1B Class—I1 Azoheteroarenes

The second important class of azoheteroarenes is the one having two heteroaromatics in
either side of the azo group (Figure 1.4.1B). Indeed, both the heterocycles are directly
attached to the azo group. Furthermore, these systems can be either symmetrically or

unsymmetrically connected with respect to the azo group. Likewise, in the previous class,
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Figure 1.4.1B. Class-I1 type azoheteroarenes: Examples of symmetrical, unsymmetrical with
five-/six-membered and mixed type bis-heterocyclic azoheteroarenes.

these can also be sub-divided based on the size of the ring (5 or 6 members) and the number
of heteroatoms.

1.4.1C Class-I111 Azoheteroarenes

In this class, one or two fused heterocycles will be directly attached to the azo group
(Figure 1.4.1C). These can once again be symmetrical or unsymmetrical with respect to the
azo group. Besides that, the fused heterocyclic unit can be connected either at the heterocyclic
part or through the benzene (non-heterocyclic) part. Furthermore, they can be classified as

systems with five-membered or six-membered fused heterocyclic rings.

Figure 1.4.1C. Class-111 type azoheteroarenes: Examples of symmetrical, unsymmetrical
with five-/six-membered and mixed type fused heterocyclic based azoheteroarenes.

1.4.1D Class-1V Azoheteroarenes

In this class, heterocycles with fully or partially saturated rings are connected to the
azo group (Figure 1.4.1D). More examples are available in which the azo group is connected
to the ring nitrogen atom forming a triazene link. Several miscellaneous types of
azoheteroarenes, which cannot be classified under other three categories will also be
accommodated in this class. But these type azoheteroarene photoswitches also showed

photoisomerization with half-lives in minutes to hours.*?
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Figure 1.4.1D. Class-1V type azoheteroarenes: Examples of fully or partially saturated

heterocyclic based and miscellaneous azoheteroarenes.

1.5 Visible light azo(hetero)arene photoswitches

Typically, azo(hetero)arenes absorbs strongly in the UV region. Hence, most of
azo(hetero)arene derivatives exhibit photoisomerization under the irradiation of UV light.*®
High-energy UV light is very harmful for biological window due to the possible tissue
damage, high scattering and low tissue penetration. Since the emergence of fields such as
photopharmacology, energy storage, etc. demand visible and NIR irradiation, design and
synthesis of azo photoswitches capable of isomerizing under such irradiation conditions are
increasing. In this regard, various azo photoswitces have been developed for visible light

photoswitchable azo(hetero)arenes.

1.5.1A Ortho-tetra substituted azobenzenes

Ortho-tetra substituted azobenzenes are important class of visible light photoswitch. In
2011, Woolley and co-workers designed tetra substituted azobenzene with four -OCHz groups
on the ortho positions of the azo unit.*® Interestingly, their n—x* band in cis isomeric state
showed a blue shift with respect to their respective trans isomer in visible region. This is
because of ortho methoxy groups destablize the n-orbital of E-isomer. The difference between
the bands of cis and trans isomers allowed the photoswitching by green light (530-560 nm) to
achieve forward (E-Z) isomerization; whereas blue light was used to revert (Z-E) it. Similar to
tetra methoxy substituted derivative, ortho-tetra thiomethyl substituted azobenzenes also
showed bidirectional photoswitching ability under visible light.** Later in 2012, Hecht and co-
workers devolved o-tetra fluoro substituted azobenzene, which showed a similar blue-shift of
n—m* in cis-isomer compared to the trans-isomer.*® The blue-shift of n—n* in cis-isomer is due
to all four electron-withdrawing (c withdrawing) fluorine atoms on ortho positions of azo unit

could reduce the n-orbital energy of cis-isomer.*®
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Similar to fluorine other halogens (chlorine and bromine) also showed bidirectional
photoswitching under visible light.* In the case of tetra -OCHs substituted azobenzene case,
the separation between trans and cis isomers arises from repulsion between n oribital of
azobenzene and lone pair of oxygen atoms. On other hand tetra fluoro substituted azobenzene,
separation arises due to stabilization of n orbital with electron withdrawing fluorine atom.
Recently, Langton and co- workers also demonstrated photoswitching of heavy atoms (Se,
Te) substituted azobenzenes with near IR light. However, these systems showed very fast
thermal relaxation (Figure 1.5.1A).4’

1.5.1B Bridged azobenzenes

Bridged azobenzenes are special class of azobenzenes, in which the native form is
thermally stable cis isomer. The photoswitching behaviour of the bridged azobenzene was
firstly reported by Herges and co-workers in 2009. In bridged azobenzene, E-Z
photoisomerization happens with green light however Z-E photoisomerization happens with
violet light. Bridged azobenzenes show high quantum and excellent photoisomerization. Later
the same group replaced CH> unit with other heteroatoms (S, N, and O) in bridged azobenzene.

These derivatives show photoisomerization with red to near IR light (Figure 1.51B).*

1.5.1C BF connected azobenzenes

In 2012, Aprahamian and co-workers developed azophotoswitches by connecting a
BF, group with the azo nitrogen.*° Such systems exhibit bidirectional photoswitching in under
visible regions. Later by introducing electron donating groups at the para position,
photoswitching can also be induced with near IR light. However, these derivatives are very

sensitive to oxygen and water (Figure 1.5.1C).
1.5.1D Ortho-aminoazobenzenes

Introducing cyclic aliphatic amines at the ortho or para position of azobenzene leads
to the photoswitching under visible light. Woolley introduced a series of aliphatic cyclic
amines connected to azobenzene derivatives (Figure 1.5.1D).>° As the number of electron-
donating groups increase, it led to the shift in absorption band towards the red region. Later,
Priimagi and co-workers used a similar approach to introducing visible light photoswitching.
Also, to enhance the thermal stability of the Z-isomer, they introduced a fluorine atom at the
ortho position along with cyclic amines (Figure 1.5.1D).%° Introducing the electron donating
and electron withdrawing at opposite sides at para positions also make them to absorb in the

visible region.

14



Air =450 nm/ 410 nm
MeCN
PSSg.z=91%

MeCN

Air = >500 nm/ 410 nm

PSSg.,=90%

0

HNJJ\

Br’ i Br
i
Br\©/8r
g
o

Air = 635 nm/ 450 nm
DMSO
PSSz =72%

(o)

HNJI\

Cl i F
- N
N
F\©/CI

D
o
Air = 660 nm/ 410 nm

DMSO
PSSg.z = 83%

(0]
HNJI\

Cl : Cl
+ N
N
C|\©/CI

NH
b

Air = 635 nm/ 450 nm
DMSO
PSSg.; =85%

PSS,.; = 86% PSS,.f = 97% PSS,.¢ = 85% PSS, =84% :sﬁifffgf
half-life = 700 d (DMSO) 4., = 469 nm e
A = 456 nm Amax = 485 nm

o]
HNJI\ HNJI\ HNJI\/S\/\/SOS.
/J:j:]\ /I:j:l\ -
S \S S/
N“N
~1::t:]/ \]::t:]/ S S
NH NH -
03S NH
\n’ \n’ Uy
o

Air = 660 nm/ 410 nm Air = 530 nm/ 450 nm Air = 635 nm/A
DMSO DMSO H,0
PSSt ;=83% half-life = 2.8 min PSS, =59%
PSS;E=94% Amax = 505 nm half-life = 2.8 min
half-life =5 h Amax = 505 nm
Amax = 485 nm

\

Se \ \
Te Te
R N ST Te— F
W N N
N A\ A\
Se R N N
/ Te Te
A / /

R \ Te
=H R = NHboc R = COOEt

Me=6250mIA 5 2625 nm/A 3, = 660 nmiA DMSO DMSO

DMSO DMSO DMSO Amax = 543 nm Amax = 518.5 nm

half-life=80s  paifjife=34's half-life = 2.5 s

Mmax =533.9nm ; =534.3nm

Amax = 588.8 nm

Figure 1.5.1A. Examples of ortho tetra substituted azobenzenes.

However, such types of azobenzenes, commonly called as push-pull type photoswitches,

exhibit fast thermal relaxation of Z-isomers.>!
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Figure 1.5.1B. Examples of bridged azobenzenes.

1.5.1E Protonated azobenzenes

Nitrogen atom of azogroups can take proton under acidic conditions. Such
protonation induces red shift in the absorption spectrum of azobenzene. Particularly, ortho
methoxy group can form H-bonding with the protonated azo group, as a result, the Z-isomer

can be stabilized.>? Similarly, heterocyclic ring at azo group can also make the H-bonding
(Figure 1.5.1E).%

1.5.1F Push Pull azo(hetero)arenes Introducing of electron donating and

withdrawing group on the opposite ring of the azobenzene. Generally, push-pull type
photoswitches exhibit red shifted absorption band with very fast reverse thermal
isomerization (Figure 1.5.1F).>
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Figure 1.5.1G. Examples of extended r-conjugated and electron rich azo(hetero)arenes.

1.5.1G Extended n-conjugated and electron rich azo(hetero)arenes
Introducing the electron rich ring or extended the conjugation in the azobenzene extend

the n-n* band towards red side but decrease the half-life of photoswitches (Figure 1.5.1G). >

1.6 Azobenzene in aqueous media

Water is one of the crucial components of living beings. Azo photoswitches are
lipophilic in nature, so water solubility of azobenzene is very restricted. However, to apply
azobenzene switch in biological medium, photoswitching in aqueous medium is essential.
There are many general strategies to successfully dissolve azobenzene in water soluble but

water can influence the photoswitching efficiency and thermal stability of Z-isomer.

1.6.1 General strategies for creating water soluble photoswitches
There are many chemical and physical approaches possible to make water soluble azo

photoswitches. The most common method to make the azobenzene water soluble is by
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introducing additional ionic or polar units.> An alternate possibility is to form the salt of an
acid or basic functional groups attached to azobenzene moiety.>® Interestingly, Z-isomer of
azobenzene is more polar than its E-isomer, which results in increased hydrophilicity.>’
Besides chemical strategies, there are various physical methods also offered to enhance the
water solubility like addition of co-solvents, building up of hydrotropes, reducing particle size,
and different delivery systems, such as liposomes, micelles, molecular containers, etc.%® Some

of those approaches are discussed in this section with examples.

1.6.2 Solubilizing groups

Introducing solubilizing and polar functional groups, such as amides, carboxylic
acids, PEG, etc in azoheteroarene photoswitches can increase the hydrophilicity. Furthermore,
solubilizing groups can be categorized into two, namely charged (ionic) and non-ionic groups
(Figure 1.6.2).

\ > \'HN+
NH + 2
% '
+NH le NH
O Can W - un
{ V) ( ¢’ .
o i
-l-(HN-\ < M\
non-permanent charge permanent charge
(0]

NH

N~N & i @; 2
~ N:
f MeOJj\©/ N

Figure 1.6.2. Selected examples of ionic, and non-ionic approaches for making water soluble
azo(hetero)arenes.
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1.6.2A Charged or ionic groups

Phosphates, phosphonate, sulfonates, and ammonium are some of the common water-
soluble groups.>® Apart from the choice of cation part of charged groups, the counter anion
parts are also crucial for water solubility. Amine group also can be protonated to form
ammonium salts under physiological conditions to make them water soluble.> However ionic
derivative limited the photoswitching effeciecny as well as led to faster Z-E thermal

isomerization.

1.6.2B Non-ionic groups

Electronegative atoms such as oxygen or nitrogen can increase the dipole moment
of the derivative and also interact with water through H-bonding. So, introducing more
heteroatoms in azobenzene moieties can also enhance the water solubility. Apart from
introducing heteroatoms, various non-ionic groups such as polyethyl glycol (PEG) or oxetanyl

sulfoxide groups can also enhance the water solubility.%

1.6.3 Salt-formation

Incorporating groups capable forming salts of acidic or basic functional group can

also increase the water solubility (Figure 1.6.3).>°

SO;Na NH,
N, @ N SO3Na
N
NaO;S

SO;Na

Figure 1.6.3. Selected examples of azo(hetero)arene salts.

L

COOH

Figure 1.6.4. Selected example of unsymmetrical azo(hetero)arene.

1.6.2A Charged or ionic groups
Phosphates, phosphonate, sulfonates, and ammonium are some of the common water-

soluble groups.>® Apart from the choice of cation part of charged groups, the counter anion
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parts are also crucial for water solubility. Amine group also can be protonated to form

ammonium salts under physiological conditions to make them water soluble.*®

1.6.4 Disruption of planarity and symmetry

In general, non-planar molecules makes it more difficult for them to assemble within
the crystal lattice and thus disrupting planarity lowers the melting point and results in
improved water-solubility. This phenomenon was employed in the design of different
systems, where the loss of aromaticity, introduction of a twisted ring or the increase of a

dihedral angle of the biaryl systems for increasing the water solubility (Figure 1.6.4).%°
1.6.5 Physical methods

Next to chemical modifications, various physical methods can also be utilized to
enhance the water solubility. One simple method is the addition of different water-soluble co-
solvents such as DMSO, methanol, acetonitrile, propylene glycol, glycerin, ethanol, etc. The
opposite effect, namely ‘‘salting in’’, can be achieved by addition of so-called hydrotropes.
Hydrotropes are ionic organic salts, which are added to a poorly water-soluble compound to
increase its aqueous solubility in diverse ways, for instance, by forming micellar-like
structures. Other physical solubilization methods include, particle size reduction by
mechanical micronization®® to increase the surface of the compound, nanoionisation,®
dispersion in carriers, such as micelles, or complexation in molecular containers such as

cyclodextrins, octa acids, palladium cages.>®

1.7 Solid state photochromism in azobenzene

Photoswitching in solid-state or bulk is useful for various applications such as energy
storage, photomagnetic switching, actuators, litography, photomechanical bending of metal
complexes, etc.®! However, photoswitching in bulk or solid-state is restricted in azobenzene
photoswitches compared to those processes in solution phase. This is mainly due to close
packing structure of the photoswitch, which is absent in solution state. Compared to other
photoswitches like diarylethene, and spiropyran, azobenzenes require more volume for E-Z
isomerization, which hinders the solid-state photoswitching. In order to overcome such
limitations, azobenzene requires the introduction of bulky groups at phenyl ring (Figure 1.7).
Such approaches can enhance the volume by reducing close packing.®? In addition, these bulky
groups break the planarity in azobenzene and induce effective photoswitching. The alternative
approach is incorporation of small photoswitches in three-dimensional geometry possessing

minimal or weaker intermolecular interactions.®!

22



R N‘NQR RU@ \/©)<

Figure 1.7. Examples of bulky azobenzenes suitable for solid-state photoswitching.

1.8 Motivation and research objectives

Although azobenzene is one of the classical photoswitches, the recent introduction of
azoheteroarenes, and their applications in material and biological fields made them more
versatile and robust candidates. However, they have some limitations such as the need of UV
light for photoisomerization, limition in the solubility particularly in aqueous medium, and
poor photoswithcing in bulk state. The motivation of this thesis is to address these short
comings of azobenzene and to make azoheteroarenes to undergo photoisomerization under
visible light irradiation, and to generate derivatives to exhibit photoswitching in water and
solid-state. The second chapter is devoted to design and development of new visible light
photoswitchable azoheteroarenes comprising cyclic amines at ortho position to the azo group
of various azoheteroarenes. The next chapter is mainly focused on the development of new
water soluble azoheteroarenes photoswitches with bidirectional photoswitching and Z-isomer
stability by making them ionic compounds. In the fourth chapter, designing multi
azo(hetero)arene-based molecular systems were generated towards making them
photochromic in solution and bulk state. This is followed by a chapter on conclusions and
perspectives. A dedicated chapter on materials and methods used in the thesis work are

presented in chapter six.
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Chapter 2. Visible light azoheteroarenes photoswitches

2.1 Introduction

Molecular photoswitch such as azobenzene can toggle between two geometrical
isomer planar E- (trans) and non-planar Z- (cis) isomers by light. These two isomeric forms
show different physical properties such as melting point, planarity, dipole moments, etc. The
changes in the properties associated with them and their utility in controlling certain functions
through isomerization led to several applications.! Indeed, the chemistry of azobenzenes has
attained a new status in recent times. This is mainly attributed to the development of systems
where one of the benzene rings has been replaced, in particular, with five-membered
heterocycles. The resulting azoheteroarenes are one of the increasingly popular classes of
photoswitches.!? Salient features such as improved light induced photoswitching ability,
exceptional half-life of photoswitched states, tunability of the thermal stability, cost-effective
synthesis, and versatility as well as excellent bidirectional photoswitching properties play a
significant role in the choice of such photoswitches. Such azoheteroarenes impart intriguing
properties such as photochromism, light-induced phase transition, etc., whereas diverse
functionalization enables them to exhibit widespread application prospects such as in
catalysis, molecular adhesives, etc.? Moreover, the presence of heterocycles stimulates
significant interest in azoheteroarenes in the field of medicinal chemistry. Despite a long
history of exploring them as drug candidates, the photoisomerization allowed remarkable
advancements in recent times.?®3 Indeed, the light control of the pharma can be a unique
handle in modulating the therapeutic effects. Such pharma can be propitious if the conditions
allow photoswitching in the bio-optical window. Similarly, in yet another domain of
developing energy storage molecular materials, photoswitches can be advantageous.?
Particularly, charging (accessing high energy state through forward E-Z isomerization) and
release (through thermal Z-E isomerization) demand high thermal stability of the Z-isomer.
Such requirements in combination with photoswitching under visible light irradiation can be
extremely useful for several futuristic applications. Various approaches* such as diazocines
(Herges),** tetra ortho substitutions with fluorination (Hecht),® alkoxy and S-ethyl
(Woolley),%" cyclic amine connections (Woolley and Priimagi),® push-pull type connections
(Woolley and Velasco),® azo-BF. bridging (Aprahamian),’® etc. have been successfully
employed in bringing longer wavelength (visible and NIR) photoswitchable azoarenes. In
addition, extended conjugation and protonation have also been attempted.'! Mostly, the ortho

substituents, in particular electron-donating groups, lead to an enhanced n—=* band in
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azoarenes,® whereas the substituents at the para positions can be used to tune longer
wavelength absorptions.'?> The n—n* and n—n* bands are generally blue-shifted and well-
separated in five-membered heterocycle-based azoheteroarenes.?'® Furthermore, the
heterocycles, interactions in the transition state and Z-isomers, substituent effects, and H-
bonding typically influence the halflives of the Z-isomer.”® Recently, visible light
photoswitching has been enabled in azopyrazoles using S-methyl (Samanta) and cyclic amine
(Ravoo) connections at the ortho position to the azo group and employing symmetric
benzazoles (Beves).!'®1415 Motivated by the high demands and limited explorations, we
decided to utilize a modular strategy to access azoheteroarenes capable of visible light
photoswitching (Scheme 2.1). Since it is well known that ortho fluorination stabilizes the Z-
isomer® and ortho amination induces enhancement in the n—n* and imparts longer wavelength
absorption,® we included them in the design strategies. Besides that, the heterocycles such as
isoxazoles (H1 and H4),%" N-methylpyrazoles (H2 and H5),?® and N-methylpyrroles (H3)
have been considered due to their excellent photoswitching with variable Z-isomer stability.
To bring further variation, we have synthesized 3,5- dimethyl or diphenyl substitutions at the
isoxazole and pyrazole units. By varying substitution patterns, we have designed three
different classes of azoheteroarenes, namely, (a) Type A (with ortho amination), (b) Type B
(the combination of fluorine and amine connections at 2,6-positions), and (c) Type C (bis-
amination at 2,6- or 2,4-positions). Such variations in the design have been engendered to gain
insights into the structure—property relationship toward bidirectional photoswitching and the
half-lives of the Z-isomers. Herein, we report the synthesis of 22 azoheteroarenes, their

photoisomerization, kinetics studies, and the structure-property relationship.

2.2 Synthesis

To access these targets, various mono- and difluorinated azoheteroarenes have been
synthesized. To synthesize mono- and difluorinated azopyrazoles and azoisoxazoles, the
corresponding anilines have been diazotized and derivatized with the acetylacetone or 1,3-
diphenylpropane-1,3-dione (DBM), which were further cyclized with hydroxylaxmine or N-
methylhydrazine to obtain A1, A2, B1, B2, D, and E.?"3* For accessing arylazopyrroles C1
and C2, the corresponding anilines were diazotized and subjected to a direct electrophilic
substitution involving N-methylpyrrole.t3 Using an aromatic nucleophilic substitution-based
post functionalization strategy,® both mono and bis cyclic amine connected azoheteroarene

targets (1la-i, 2a-g, 3a-d, 4, and 5) have been synthesized in excellent yields (Scheme 2.1).
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Scheme 2.1. Synthesis of azoheteroarenes (la-i, 2a-g, 3a-d, 4 and 5). Conditions: (i)
NaNO./HCI, H.0, 0-5 °C; (ii) acac or 1,3-diphenylpropane-1,3-dione (DBM), MeOH-H-0,
0-5 °C to rt; (iii) NH20H.HCI or NH2NHMe.H2SO4, NaxCOs, EtOH, reflux; (iv) N-
methylpyrrole, NaxCOs, acetone-H>0, 0-5 °C to rt; (v) pyrrolidine (pyr) or piperidine (pip) or
morpholine (mor), neat, 60-80 °C, 3-5 hrs; (vi) pyr or pip or mor or N-methylpiperazine
(Nmpip), MeCN, rt-40 °C, 3-5 hrs; (vii) pyr or pip, 100 °C, 24 hrs; The crystal structure of 1i

and 5 are depicted.'® The isolated yields in the final step are indicated.

All the targets were characterized using *H, *°C-NMR, HRMS, IR, and UV—vis spectroscopic
techniques.
2.3 Photoswitching Studies

The photoswitching studies of all 22 derivatives have been carried out in three different
solvents (MeCN, MeOH, and DMSQO) and analyzed using UV-vis spectroscopy (Table 2.1
and Appendix 2A). First, we compared the absorption properties of different types of

azoheteroarenes in DMSO in their native state (Table 2.1). Since the n—n* band ranges
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between 288 and 377 nm, the realization of visible light photoswitching can be possible only
by considering the n—n* absorption. Interestingly, the bands in the n—n* absorption region
showed enhancement in all the cases. The reason for the enhancement in the n—n* region has
been recently explored for ortho-fluoroaminoazobenzenes by Priimagi and co-workers.8¢7
To explore the possibilities of visible light photoisomerization, we closely inspected the trends
and effects of substituents on it. The following are the generalized observations for redshift of
the n—n* band: (a) substitution pattern, Type A > Type B > Type C, (b) heterocycles: 4 > 3a,
b (azopyrroles) > 5 > 1a—c (azoisoxazoles) > 2a—c (azopyrazoles), and (c) cyclic amines:
pyrrolidine > piperidine > morpholine (Table 2.1 and Appendix 2A for details). For analysis
of the E-Z and Z-E photoisomerization steps, UV—vis spectroscopy has been used (Appendix
2A). For instance, the derivatives 2c and 3a have been irradiated at 405 nm (blue light) and
505 nm (green light), respectively, for E-Z isomerization (Figure 2.1), whereas at 505 nm, the
Z-E isomerization has taken place in 2c. However, in 3a, the reverse isomerization was fast
and thermally enabled. Both 2c and 3a showed consistency in the test for reversibility that
was studied over 5 cycles (Figure 2.1). To understand the photoswitching stability of all the
derivatives, we subjected them to reversible irradiation sequences in the forward and reverse
directions over 5 cycles (see the Appendix 2A). Without any visible sign of fatigue, all the
derivatives exhibited consistency in reversible photoswitching. Notably, a majority of the
compounds except 2b, 2c, 2e, and 5 showed bidirectional photoswitching within a small range.
For 3a, 3b, 3c, and 3d, a reverse isomerization step was performed under thermal conditions
as they demand UV light for the corresponding photoisomerization step. The photoswitching
effects were quite similar in all three solvents (DMSO, MeCN, and MeOH). In a majority of
the cases, the irradiation caused lowering in the intensities of the observed n—n* and n—n*
absorption bands with minimal variations for E- and Z-isomers. The only exceptions are the
N-methyl pyrrole derivatives 3a—d, where we observed distinguishable absorption features
for the native (E-isomer) and photoswitched (Z-isomer) states. Almost all of the
azoheteroarene derivatives exhibit a shift in the Amax (typically 5 to 10 nm) on changing the
solvents from DMSO to MeCN or MeOH. First, we compared the absorption properties of the
different types of azoheteroarenes in DMSO in their native state (Table 2.1). The Amax values
of the m—n* band follow the trend Type A > Type B > Type C, whereas it is pyrrolidine <
piperidine < morpholine (in Type A) among the cyclic amines attached. As far as the
heterocycles are concerned, the Amax has the following trend: H1 < H2 < H5 < H4 < H3.
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Figure 2.1. lllustration of photoisomerization of selected derivatives. UV-Vis spectroscopic
data (DMSO) portraying photoisomerization under indicated conditions in (a) 2c and (b) 3a.

Indeed, all the azoheteroarenes except 3b, 3c, and 3d, having N-methylpyrrole units, exhibited
a well-separated n—n* and n—n* bands along with a hyperchromic effect in the latter. We
closely inspected the trends and effect of substituents on the n—z* band. Among the different
types, in general, Type A photoswitches show a maximum red-shift with intensity
enhancement. All the azoheteroarenes follow the same trend irrespective of the heterocycles
attached. Notably, all the derivatives exhibit a split in the n—n* signal. However, with ortho
fluorination, the band at a shorter wavelength gets enhanced, whereas, for all other derivatives,
the enhancement appears in the longer wavelength component. Moreover, for the 2,6-
disubstituted derivatives, the n—z* absorption is found to be blue shifted, which can be
attributed to the non-planar structure as obtained for 1i (see Appendix 2A). Along with the
influence of cyclic amines in Type A systems, the ortho fluorination (Type B) and bis amine
substitution (Type C) showed a serious impact on the n—r* absorption features. For instance,
the mono ortho-piperidine connected 1b (Type A) shows the n—r* band at 402 nm, whereas
the corresponding system with ortho fluorinated 1e (Type B) exhibits the same at 379 nm. On
the other hand, bispiperidine connection in 1i (Type C) exhibits a blue shift (358 nm). A
similar pattern was also observed in the case of piperidine connected azopyrazole derivatives
2b (445 nm), 2e (430 nm), and 2g (approx. 450 nm). Even the arylazopyrrole derivatives (3b
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and 3d) follow the same trend. Regarding the effect of different aliphatic cyclic amines,
pyrrolidine-substituted azoheteroarenes showed the maximum red-shifted n—n* band. The
pyrrolidine substituted aryl-3,5- dimethylazoisoxazole 1a shows the n—n* band at 475 nm,
whereas 1b, with piperidine substitution, shows the band at 402 nm, and morpholine-
substituted 1c shows the band at 392 nm. This trend is valid for all derivatives that fall into
the categories Type A, Type B, and Type C, once again irrespective of the heterocycle units
attached. For example, 1d, with both fluoro and pyrrolidine as ortho substituents, shows a
considerably red-shifted n—n* band (465 nm) compared to 1e (379 nm) and 1f (372 nm).
Furthermore, the maximum red-shift in the n—* band and hyperchromic shifts caused by the
pyrrolidine ring substitution can be attributed to its relatively higher electron-donating ability
among the cyclic amines used.® The reason for such enhancements in the n—n* bands has
been attributed to the delocalization of the nitrogen lone pair by Priimagi and co-workers.&
This is based on the accumulation of sp? hybridization at the amine nitrogen, shortening of the
CPh—Namine distance, and the steric repulsion of the amine group with the meta hydrogen of
the aryl ring. Presumably, such delocalization of the amine lone pair can cause an
intramolecular charge transfer (ICT) band, which could be responsible for the enhancements.
Since ICT bands are susceptible to the local environments, we performed photoswitching
experiments for compound 3a in a wide range of solvents with different polarities. We
observed significant shifts while changing the solvents with different polarities (Appendix
2A). Based on these data, we understood that there can be a significant contribution from
intramolecular charge transfer in the observed spectral features. This trend is reflected in Type
B azoheteroarenes also. The same trend can also be felt in the case of N-methyl
arylazopyrazole derivatives 2a (461 nm), 2b (386 nm), and 2c (380 nm), or 2d (448 nm), 2e
(420 nm), and 2f (shoulder). Likewise, pyrrolidine and piperidine connected N-methyl
arylazopyrrole derivatives 3a (502 nm), 3b (423 nm), 3c (362 nm), and 3d (344 nm) follow
the same trend (Table 2.1). Among the different azoheteroarene photoswitches that we
prepared, we found that the Amax cOrresponding to the n—z* band has the following trend: 2a-
¢ (arylazo-3,5-dimethylpyrazoles) < la-c (arylazo-3,5- dimethylisoxazoles) < 5 (arylazo-3,5-
diphenylpyrazole) < 3a, b (azopyrroles) < 4 (arylazo-3,5-diphenylisoxazole). Within these,
the derivatives exhibiting a maximum red shift in the n—n* band are the aryl-3,5-
diphenylazoisoxazole derivative 4 (513 nm), N-methyl arylazopyrrole derivative 3a (502 nm),

N-methyl arylazo-3,5-diphenylpyrazole derivative 5 (492 nm), arylazo-3,5-dimethyl
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Table 2.1. UV-Vis spectral data of E-/Z-isomers, PSS composition (*H-NMR data), and thermal E-Z isomerization kinetics data.

= Uv-vis absQrptlon data® Photoisomerization and PSS composition® Z_E thermal r.eve':srse
= Amax in NM isomerization
9 3 Z-E Con
e S g* E-isomer Z-isomer E . E;Z 2 (%E:% c. k, (x 10 ¢
8 é (%E:%Z) (E 7) M 4) min™! 12
A A2 A1 A2

1 la 315 475 270 479 470 53:47 590 76:24 12.1 17.0¢ 6.9h
2 1b 316 402, 440 284 432 405 29:71 435 42:58 11.2 7.2¢ 16.1h
3 1c 319 392 268 432 405 30:70 490 48:52 10.5 4.1¢ 1.2d
4 2a° 322 461 271 467 470 45:55 590 76:24 11.3 44.0¢ 8.3h
5 A 2b9 329 379 304 444 405 30:70 535 57:43 10.1 0.95¢ 5.0d
6 2C 328 380 303 438 405 25:75 505 73:27 10.2 3.5¢ 14d
7 3a" 361 502 338 498 505 34:66 y y y 13000° 5 min
8 3b 377 - 337 - 505 26:74 z z 11.1 43.0° 161 min
9 4 332 513 - 513 515 50:50 615 80:20 8.9 12¢ 9.4h
10 5 326 492 - 492 505 68:32 590 83:17 9.2 15¢ 7.6 h
11 1d 311 465 269 387, 467 X X X X X X X
12 le 310 379 270 376, 433 405 39:61 505 63:37 10.1 0.1¢ 47.8d
13 1f 304 372 272 370, 431 405 40:60 490 54:46 9.8 0.043¢ 112.3d
14 19 311 378 268 375, 431 405 40:60 535 53:47 9.9 0.06¢ 80.2d
15 B 2d 312 448 270 452 405 56:44 535 76:24 10.3 9.7¢ 11.9h
16 2e 310 426 297 435 405 49:51 450 76:24 9.4 0.049¢ 98.4d
17 2f 317 - 307 431 405 54:46 470 69:31 9.5 0.072¢ 66.8 d
18 3c 362 - 340 - 405 57:43 z z 10.5 120¢ 56 min
19 3d 365 f 340 - 405 2377 z z 10.5 7.9¢ 14.6 h
20 1h 300 400, 480 y y y y y y y y y
21 C Li - 358 y y y y y y y y y
22 29 288 - y y y y y y y y y

3in DMSO; Pin DMSO-dg; The Aforwara aNd Areverse are the wavelengths of light used; ¢in DMSO; Yestimated at 25 °C using Arrhenius plot, ®measured at 25 °C;
foverlapping; 9Reported in acetonitrile in ref 15; "PSS composition was estimated using UV-Vis spectroscopy; *Decomposes during photoisomerization;
YExhibiting fast thermal relaxation; 2Requires UV irradiation; A, and A represents the m—n* and n—r*and/or intramolecular charge transfer (ICT) bands'’,
respectively.
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isoxazole derivative 1la (475 nm), and aryl-3,5-dimethylazopyrazole derivative 2a (461 nm)
(Table 2.1).Due to fast thermal reverse isomerization rates, the blue shifted n—n* band (below
350 nm), and the overlapping band at the n—n* region, we were unable to induce the reverse
isomerization step with visible light in the arylazopyrrole derivatives. However, we were able
to perform the thermal reverse isomerization kinetics and deduced the rate constants and half-

lives for them.

2.4 Thermal Reverse Isomerization Kinetics

Next, we investigated the thermal reverse isomerization Kinetics experiments in
DMSO. Except for arylazopyrrole derivatives 3a, b exhibiting fast thermal Z-E relaxation, all
the experiments were performed at higher temperatures and with the help of Eyring plots, and
rate constants and half-lives have been deduced at room temperature (25 °C) (Table 2.2 and
Appendix). For example, the Z-isomers of the derivatives 2c and 3a have been subjected to
thermal reverse Z-E isomerization at 50 and 25 °C, respectively (Figure 2.2). Among the
arylazoisoxazole derivatives, Type B showed enhanced thermal stability compared to Type
A or Type C. For instance, the compounds 1e (47.8 d) and 1f (112.3 d) showed longer half-
lives at 25 °C. Comparatively, the derivatives such as 1b (16.1 h) and 1c (1.2 d) exhibited
shorter half-lives (Table 2.1). Such observations follow the literature trends, where the sigma-
withdrawing nature of fluorine has been reported to stabilize the Z-isomers.>® Similarly,
arylazopyrazole derivatives exhibit moderate to good thermal stability of the Z-isomer;
however, they follow similar trends. For instance, Type A derivatives 2a (8.3 h), 2b (5.0 d),
and 2c (1.4 d) show less thermal stability than the Type B derivatives 2d (11.9 h), 2e (98.4
d), and 2f (66.8 d) at 25 °C. Equally, the arylazopyrrole derivative 3a, with monoamine
isoxazole derivative 1la (475 nm), and aryl-3,5-dimethylazopyrazole derivative 2a (461 nm)
(Table 2.1). We observed similar trends in the azopyrazole derivatives also. The pyrrolidine
derivative 2a shows a half-life of 8.3 h, whereas both the piperidine substituted derivative 2b
and the morpholine-substituted derivative 2c have a half-lives of 5 d and 1.4 d, respectively
at rt. Again, the Z-isomer of the fluorinated analogue 2d (11.9 h) is less stable than that of 2e
(98.4 d) and 2f (66.8 d) upon comparison of their half-lives at rt. This generalization is
consistent for arylazopyrroles 3a (5 min) and 3b (161 min). Among the different pyrrolidine-
substituted azoheteroarene derivatives (Type A), arylazo-3,5-diphenylisoxazole 4 showed
better thermal stability than other derivatives. The thermal stabilities of arylazo-3,5-
dimethylisoxazole 1a and N-methyl arylazo-3,5-dimethylpyrazole 2a are 6.9 h and 8.3 h,
respectively, at 25 °C.
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Figure 2.2. lllustration thermal reverse isomerization kinetics in DMSO of UV-Vis
spectroscopic data (a) 2c and (a) 3a, (c) and (d) overall trends in the half-lives.

Table 2.2. Thermal reverse isomerization kinetics data at 25 °C

Temperature Rate constant, k Half-life,
S. No. Compound

(°C) (min 1) ti
1. la 25 1.7x 103 6.9h
2. 1b 25 7.2x10% 16.1h
3. 1c 25 4.1x10* 1.2d
4, 1d a a a
5. le 25 1.0x10° 47.8d
6. 1f 25 4.3x10° 112.3d
7. 1g 25 6.0 x 108 80.2d
8. 1h b b b
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9. 1i b b b
10. 2a 25 44x10° 8.3h
11. 2b 25 95x10° 50d
12. 2¢ 25 35x 10° 14d
13. 2d 25 7.9x 10° 11.9h
14, 2¢ 25 49x10° 98.4d
15. 2f 25 7.2x10° 66.8d
16. 29 b b b
17. 3a 25 1.3x 107 5 min
18. 3b 25 43x10°7 161 min
19. 3c 25 1.2x 1072 56 min
20. 3d 25 7.9x10° 14.6 h
2L 4 25 1.2x10° 9.4h
22. 5 25 15x 107 76h

aThe compound decomposed upon irradiation with light; °Fast thermal reverse relaxation

As expected, N-methyl arylazopyrrole 3a showed the least thermal stability (ti2 = 5 min at

r). 13

2.5 Photoswitching Studies Using *H NMR Spectroscopy

We estimated the percentage of E-and Z-isomers in the forward and reverse
photoisomerization steps to evaluate the photoswitching ability. All derivatives showed
moderate to good forward (32—77%) and reverse photoisomerization (42—83%) conversions
(Table 2.3 and Appendix 2A). Due to overlapping absorption spectral features of the E- and
Z-isomers, the PSS could not reach beyond 75% in the majority of cases. However, in the
derivatives such as 3a-d, the distinguishable spectral features allowed us to achieve a higher
conversion. The Z-isomer of mono pyrrolidine-substituted derivative 3a was quite unstable
even at room temperature and therefore could not be recorded. Although all the derivatives
exhibited similar photoisomerization conversions, they differ in the choice of wavelength of
light for irradiation in both directions. For arylazo-3,5-dimethylisoxazoles and arylazo-3,5-
dimethylpyrazoles, the forward photoisomerization step was induced by blue light (405—470
nm). Maximum conversions were obtained by using blue or green light (405 or 505 nm) for
pyrrole derivatives. Among the azoheteroarenes, 3,5-diphenyl derivatives 4 and 5 showed
both forward and reverse photoisomerization with green and red to orange lights, respectively,
with good conversions. Incidentally, it showed high thermal stability of the Z-isomer (ti2 =
9.4 hat25°C).
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Based on the UV-vis spectroscopic data, it is clear that pyrrole derivatives with ortho
fluorination and ortho amination 3a—d do not show any new features or absorptions in the
region of 400-800 nm that can be used to distinguish between E- and Z-isomers. Instead, we
observed only the drop in the intensity of bands due to the E-isomer upon photoisomerization.
Thus, the reverse photoisomerization could not be performed with the help of visible light.

2.6 Experimental Section

All commercially available reagents and solvents were used without further purification. An
MBRAUN-SPS solvent purification system was used for dry acetonitrile. Spectroscopic and
kinetic studies were performed with HPLC or UV spectroscopy-grade solvents. Aluminum-

backed Merck Silica gel 60 F254 TLC plates were used to monitor reactions.
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Table 2.3 Quantification of photoisomers by using *H NMR spectroscopy

Wavelength Irradiation o o Proton signal Conc.
Compound (nm) time (min) VB ¥z used (mM)
1a 470 20 53 47 Isoxazole -Me 12.1
590 20 76 24
b 405 10 29 71 Piperidine - 11.2
435 20 42 58 CHz
405 10 30 70 ine -
1c Morpholine 105
490 20 48 52 CH:
a a a
1d - -
a a a
405 10 39 61
le 505 20 53 3 Isoxazole -Me 10.1
405 10 40 60
1f | le -M .
290 20 52 25 soxazole -Me 9.8
405 10 40 60
1g =35 0 03 47 Isoxazole -Me 9.9
b b b
o b b b ) )
. b b b
1 b b b ] ]
470 20 45 55
2a 20 Pyrazole N-Me 11.3
590 76 24
405 10 30 70
2b 535 0 = 23 Pyrazole N-Me 10.1
405 10 25 75
2c Pyrazole -Me 10.2
505 20 73 27
10
2d 405 %6 44 Pyrazole N-Me 10.3
535 20 76 24
405 10 49 51
2e 450 20 76 2 Pyrazole N-Me 9.4
405 10 54 46
2f 470 20 69 3 Pyrazole -Me 9.5
b b b
29 b b b ] ]
b b b
3a b b b ] ]
3b 505 20 26 [ Pyrrole N-Me 111
c c c
3¢ 405 10 57 43 Pyrrolidine - 105
c c c CH:
4 1 2 77
3d 05 0 3 Pyrrole N-Me 10.5
c c c
515 20 50 50
Pyrrolidine -
4 CH 8.9
615 20 80 20 2
505 20 68 32
5 90 20 53 ] Pyrazole N-Me 9.2

“The compound decomposed upon irradiation with light; °Fast photoswitches; “No
photochemistry was observed in the reverse isomerization with visible light. (Blue-shaded
rows represent forward isomerization, and the other rows represent reverse isomerization.
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100—200 mesh silica gel or alumina (neutral and basic) was used for column chromatography.
H, *C, and '°F NMR spectra were recorded on a Bruker Avance-1I1 400 MHz instrument at
operational frequencies of 400 MHz (\H NMR), 100 MHz (!3C NMR), and 376 MHz (*°F
NMR). For 'TH NMR, residual solvent signals of CHCI3 (7.26 ppm) and DMSO-ds (2.50 ppm)
have been used for internal calibration. Corresponding signals of CDCI3 (77.16 ppm) and
DMSO-ds (39.52 ppm) were used for calibrating the spectra for '’*C NMR. For '°F spectra,
CsFs (10 mM solution in CDCIl3) was used as an internal standard for calibration. Chemical
shift () values are reported in parts per million (ppm), and coupling constants (J) are reported
in Hz. The signal multiplicities are abbreviated as singlet (s), doublet (d), triplet (t), quartet
(q), pentet (pt), doublet of doublets (dd), doublet of triplets (dt), triplet of doublets (td), doublet
of doublet of doublets (ddd), multiplet (m), broad (br), and overlapping signals (o). High-
resolution mass spectra (HRMS) have been recorded and analyzed using a Waters Synapt G2-
Si Q-TOF mass spectrometer. The electrospray ionization (ESI) method was used for
ionization, and detections were done in both positive and negative modes. FT-IR spectra of
the neat solid or neat liquid samples were recorded on a Bruker Alpha ZnSe ATR spectrometer.
Single crystal X-ray diffraction data were collected using a Rigaku XtaLAB mini
diffractometer equipped with a Mercury375M CCD detector (for details, Appendix 2A). (E)-
4-((2-Fluorophenyl)diazenyl)-3,5-dimethylisoxazole, (A1) (yellow solid, yield = 210.0 mg,
96%), (E)-4-((2,4-difluorophenyl)- diazenyl)-3,5-dimethylisoxazole, (A2) (yellow solid, yield
= 180.0 mg, 78%), and (E)-4-((2,6-difluorophenyl)diazenyl)-3,5-dimethylisoxazole (A3)
(yellow solid = 120.0 mg, 53%) were prepared according to a procedure reported in the
literature.?" (E)-4-((2-Fluorophenyl)diazenyl)-1,3,5-trimethyl-1H-pyrazole) (B1) (yellow
solid, yield = 180.0 mg, 80%) and (E)-4-((2,6- difluorophenyl)diazenyl)-1,3,5-trimethyl-1H-
pyrazole (B2) (yellow solid, yield = 200.0 mg, 80%) were prepared according to a procedure
reported in the literature.’*!*°(E)-2-((2-Fluorophenyl)diazenyl)-1-methyl-1H-pyrrole (C1)
(dark red solid, yield = 0.10 g, 50%) and (E)-2-((2,6-difluorophenyl)- diazenyl)-1-methyl-1H-
pyrrole (C2) (dark red solid, yield = 0.11 g, 50%) were prepared according to a procedure
reported in the literature.!3 General Procedure for Substrates D and E. To 2-fluoroaniline (3.18
g, 20.0 mmol) kept in a round-bottom flask, 6.5 mL of 37% concentrated HCl was added at 0
°C. A cold aqueous solution of sodium nitrite (1.52 g, 22.0 mmol in 20 mL of water) was
slowly added to the reaction mixture. The reaction mixture was allowed to stir for half an hour
for completion. Afterward, at 0 °C, a cold aqueous solution of sodium acetate (5.90 g, 70.0

mmol) and 1,3- diphenylpropane-1,3-dione (4.03 g, 18.0 mmol in 100 mL of MeOH) was
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added. The reaction was continued at rt and was monitored by TLC. After completion of the
reaction, excess water was added to the reaction mixture. The mixture was filtered to obtain a
yellow-orange solid product, which was dried under vacuum to yield 2-(2-(2-
fluorophenyl)hydrazono)-1,3-diphenylpropane-1,3-dione in 90% yield. A mixture of 2-(2-(2-
fluorophenyl)hydrazono)-1,3-diphenylpropane-1,3-dione derivative (0.35 g, 1.0 mmol),
sodium carbonate (0.16 g, 1.5 mmol), and hydroxylamine hydrochloride (0.11 g, 1.5 mmol)
or methyl hydrazine sulfate (0.07 g, 1.5 mmol) in 10 mL of EtOH was refluxed on an oil bath
for 12- 36 h. The reaction was followed using TLC up to the completion. After completion,
excess water was added to the reaction mixture and it was extracted multiple times with ethyl
acetate. The organic layers were collected and dried over anhydrous sodium sulfate. The
distillation of solvent under vacuum led to the crude product. Then, the product was purified
by column chromatography (eluent: n-hexane/ethyl acetate = 1:2) to obtain the substrates D
or E, respectively.

(E)-4-((2-Fluorophenyl)diazenyl)-3,5-diphenylisoxazole (D). Orange solid, mp = 70—72
°C, Yield = 300.0 mg, 87%. Eluent: n-hexane/ ethyl acetate = 1:2; *H NMR (400 MHz, CDCls)
0 8.26 (dd, J = 6.4, J = 6.4 Hz, 2H), 7.82—7.81 (m, 2H), 7.66—7.62 (m, 1H), 7.58=7.56 (m,
3H), 7.51-7.40 (m, 4H), 7.23—7.19 (m, 2H) ppm; ¥C{*H} NMR (100 MHz, CDCl3) § 166.9,
160.1 (d, J = 257.8 Hz), 157.3 (d, J = 7.1 Hz), 140.8 (d, J = 7.1 Hz), 132.8 (d, J = 8.2 Hz),
132.0, 131.5, 130.0, 129.0, 128.9, 128.8, 128.5, 128.1, 127.1, 124.4 (d, J = 3.7 Hz), 117.7,
117.5 (d, J = 19.5 Hz) ppm; °F NMR (376.5 MHz, CDCl3) § —125.79 ppm; HRMS (ESI-
TOF) m/z: [M + H]" Calcd. for Ca1H1sFN3O 344.1199, obs. 344.1172; IR (KBr, cm™) 759,
1029, 1078, 1219, 1496, 1609, 2871, 2939.
(E)-4-((2-Fluorophenyl)diazenyl)-1-methyl-3,5-diphenyl-1H-pyrazole (E). Orange solid,
mp = 89-91 °C, Yield: 290.0 mg, 80%. Eluent: n-hexane/ethyl acetate = 1:2; *H NMR (400
MHz, CDCIs) 6 8.05 (d, J= 6.4 Hz, 2H), 7.55—7.45 (m, 8H), 7.42—7.40 (m, 1H), 7.29 (0, 2H),
7.12-7.07 (m, 2H), 3.87 (s, 2H) ppm; ¥C{*H} NMR (100 MHz, CDCls3) § 159.7 (d, J = 255.9
Hz), 147.6, 141.1 (d, J = 7.1 Hz), 137.7, 135.2, 132.6, 131.3 (d, J = 8.0 Hz), 130.6, 129.3,
129.2, 129.1, 128.43, 128.4, 128.3, 124.1 (d, J = 3.7 Hz), 117.5, 116.9 (d, J = 19.4 Hz), 37.7
ppm; *°F NMR (376.5 MHz, CDCl3) § —202.39 ppm; HRMS (ESI-TOF) m/z: [M + H]* Calcd.
for C22H1sFN4 357.1515; Found 357.1512; IR (KBr, cm™1) 810, 1038, 1149, 1446, 1619, 2857,
29109.

General Procedure of Compound la-1c
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Compound la—1c were synthesized using a modified version of a literature
procedure.®® The corresponding cyclic amine (10.0 mmol, 50 equiv) was added to (E)-4-((2,6-
difluoro)diazenyl)-3,5-dimethylisoxazole (0.2 mmol, 43.8 mg, 1 equiv). The mixture was
stirred at 60 °C for 3—5 h. After checking the TLC for completion of the reaction, it was
stopped and quenched with water. The mixture was extracted multiple times with ethyl
acetate. The combined organic layers were collected and dried over anhydrous sodium sulfate.
The distillation of solvent under vacuum led to the crude product. Further purification of the
mixture was done over neutral alumina using a 98:2 mixture of n-hexane: ethyl acetate to give
the desired products, 1a-c.
(E)-3,5-Dimethyl-4-((2-(pyrrolidin-1-yl)phenyl)diazenyl)isoxazole (1a). Orange solid, mp
= 70-72 °C, Yield = 47.0 mg, 87%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400
MHz, CDCls) 6 7.53 (d, J = 8.2 Hz, 1H), 7.27-7.24 (o, 1H), 6.82 (d, J = 8.5 Hz, 1H), 6.68 (t,
J = 7.6 Hz, 1H), 3.57-3.54 (m, 4H), 2.69 (s, 3H), 2.47 (s, 3H), 1.99-1.95 (m, 4H) ppm;
BC{*H} NMR (100 MHz, CDCls) § 167.0, 153.8, 146.4, 141.5, 133.0, 131.5, 117.6, 116.5,
115.8, 52.3, 25.9, 11.93, 11.90 ppm; HRMS (ESI-TOF) m/z: [M + H]* Calcd. for C15H1sN4O
271.1559; Found 271.1541; IR (KBr, cm™1) 750, 1045, 1095, 1272, 1496, 1551, 1603, 2865,
2930, 2939.

(E)-3,5-Dimethyl-4-((2-(piperidin-1-yl)phenyl)diazenyl)isoxazole (1b). Orange solid, mp
=78-80 °C, Yield = 48.0 mg, 84%. Eluent: nhexane/ethyl acetate = 98:2; *H NMR (400 MHz,
CDCl3) § 7.52 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.4 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 6.99 (t,
J=7.6 Hz, 1H), 3.15 (t, J = 5.1 Hz, 4H), 2.77 (s, 3H), 2.58 (s, 3H), 1.75 (pt, J = 5.7 Hz, 4H),
1.62—1.59 (0, 2H) ppm; BC{*H} NMR (100 MHz, CDCl3) § 169.2, 153.7, 151.2, 145.9, 133.0,
131.6,121.7,119.2, 116.9, 54.4, 26.6, 24.3, 12.2, 11.9 ppm; HRMS (ESI-TOF) m/z: [M + H]*
Calcd for C16H20N4O 285.1715; Found 285.1704; IR (KBr, cm™) 552, 758, 924, 1048, 1229,
1280, 1412, 1483, 1611, 2828, 2861, 2930.
(E)-4-(2-((3,5-Dimethylisoxazol-4-yl)diazenyl)phenyl)morpholine (1c). Orange solid, mp
= 104-106 °C, Yield = 49.0 mg, 85%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400
MHz, CDCl3) 6 7.55 (d, J = 8.0 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.08-7.01 (m, 2H), 3.87 (t,
J=4.2 Hz, 4H), 3.19 (t, J = 4.3 Hz, 4H), 2.74 (s, 3H), 2.52 (s, 3H) ppm; BC{*H} NMR (100
MHz, CDCI3) 6 169.6, 153.1, 149.8, 145.6, 132.9, 131.7,122.4, 118.6, 116.9, 67.2,53.0, 12.1,
11.7 ppm; HRMS (ESI-TOF) m/z: [M + H]* Calcd C1sH1sN4O; 287.1508; Found 287.1495;
IR (KBr, cm™) 562, 636, 790, 932, 1120, 1252, 1280, 1410, 1482, 1607, 2894, 2938, 2971.

General Procedure of Compound 1d-1g
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(E)-4-((2,6- Difluorophenyl)diazenyl)-3,5-dimethylisoxazole (0.2 mmol, 47.4 mg, 1
equiv) was added to 2 mL of acetonitrile, and the corresponding cyclic amine (1 mmol, 5
equiv) was added to the mixture. The mixture was stirred at room temperature for 2 to 3 h.
After checking the TLC for the completion of reaction, it was stopped and quenched with
water. The mixture was extracted multiple times with ethyl acetate. The combined organic
layers were collected and dried over anhydrous sodium sulfate. The distillation of solvent
under vacuum led to the crude product. Further purification of the mixture was done over
neutral alumina using a 98:2 mixture of n-hexane: ethyl acetate to give the required products,
1d-g.
(E)-4-((2-Fluoro-6-(pyrrolidin-1-yl)phenyl)diazenyl)-3,5-dimethylisoxazole (1d). Orange
sticky liquid, Yield = 51.0 mg, 88%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400
MHz, CDCl3) & 7.09 (td, J = 8.3, 6.0 Hz, 1H), 6.60 (d, J = 7.4 Hz, 1H), 6.49 (dd, J = 11.0, 8.4
Hz, 1H), 3.36 (t, J = 6.4 Hz, 4H), 2.70 (s, 3H), 2.46 (s, 3H), 1.95— 1.92 (m, 4H) ppm; *C{*H}
NMR (100 MHz, CDCl3) 4 168.9, 153.4, 152.2 (d, J = 252.6 Hz), 145.7 (d, J = 3.6 Hz), 133.2,
131.5 (d, J = 7.8 Hz), 129.4 (d, J = 11.4 Hz), 110.4, (d, J = 2.8 Hz) 104.2 (d, J = 21.5 Hz)
52.1,25.8,11.9, 11.8 ppm; °F NMR (376.5 MHz, CDCl3) 8 —131.53 ppm; HRMS (ESI-TOF)
m/z: [M + H]* Calcd CisH1sFN4O 289.1465, Found 289.1455; IR (KBr, cm™) 993, 1081,
1387, 1453, 1481, 1621, 2857, 2931.
(E)-4-((2-Fluoro-6-(piperidin-1-yl)phenyl)diazenyl)-3,5-dimethylisoxazole (1e). Orange
solid, mp = 54—56 °C, Yield = 51.0 mg, 85%. Eluent: n-hexane/ethyl acetate = 98:2; 'H NMR
(400 MHz, CDClz) 6 7.19 (td, J = 8.3, 6.1 Hz, 1H), 6.85 (d, J = 8.3 Hz, 1H), 6.77 (dd, J =
10.0, 8.4 Hz, 1H), 3.01 (t, J = 5.0 Hz, 4H), 2.74 (s, 3H), 2.55 (s, 3H), 1.65 (pt, J = 5.8, 4H),
1.55 (0, 2H) ppm; B¥*C{*H} NMR (100 MHz, CDCl3) § 170.2, 153.3, 152.5 (d, J = 254.0 Hz),
150.3 (d, J = 2.8 Hz), 136.0 (d, J = 6.6 Hz), 133.5, 129.4 (d, J = 10.5 Hz), 114.4 (d,J =24
Hz), 109.9 (d, J = 21.1 Hz), 54.0, 26.4, 24.3, 12.2, 11.8 ppm; °F NMR (376.5 MHz, CDCl5)
8 —131.18 ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for C16H19FN4O 303.1621; Found
303.1602; IR (KBr, cm™1) 993, 1081, 1387, 1453, 1482, 1621, 2856, 2931.
(E)-4-(2-((3,5-Dimethylisoxazol-4-yl)diazenyl)-3-fluorophenyl)- morpholine (1f). Orange
solid, mp = 134—136 °C, Yield = 52.0 mg, 85%. Eluent: n-hexane/ethyl acetate = 98:2; H
NMR (400 MHz, CDCls) & 7.27-7.21 (m, 1H), 6.90-6.83 (m, 2H), 3.82-3.80 (m, 4H),
3.11-3.10 (m, 4H), 2.74 (s, 3H), 2.52 (s, 3H) ppm; *C{*H} NMR (100 MHz, CDCl3) § 170.7,
152.9, 152.7, (d, J = 255.1 Hz), 149.1, (d, J = 3.1 Hz), 136.0, (d, J = 6.7 Hz), 133.5, 129.8, (d,
J=10.4 Hz), 114.1, (d, J = 3.0 Hz), 110.9, (d, J = 21.0 Hz), 67.2, 52.8, 12.2, 11.8 ppm;. 1°F
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NMR (376.5 MHz, CDCl3) & —130.47 ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
Ci15H17FN4O2 305.1414; Found 305.1414; IR (KBr,cm ™) 800, 1001, 1108, 1170, 1235, 1256,
1379, 1412, 1449, 1597, 1617, 2824, 2877, 2931, 2972.
(E)-4-((2-Fluoro-6-(4-methylpiperazin-1-yl)phenyl)diazenyl)-3,5- dimethylisoxazole
(19). Orange solid, mp = 89-91 °C, Yield = 58.0 mg, 92%. Eluent: n-hexane/ethyl acetate =
98:2; 'H NMR (400 MHz, CDCls) § 7.21 (td, J = 8.3, 5.9 Hz, 1H), 6.88—6.79 (m, 2H), 3.13
(t, J = 4.8 Hz, 4H), 2.74 (s, 3H), 2.53 (0, 7H), 2.33 (s, 3H) ppm; *C{*H} NMR (100 MHz,
CDClI3) 6 170.5, 153.0, 152.5, (d, J = 254.5 Hz), 149.1, (d, J = 3.3 Hz), 136.0, (d, J = 6.8 Hz),
133.5, 129.6, (d, J = 10.5 Hz), 114.3, (d, J = 3.0 Hz), 110.5, (d, J = 21.0 Hz), 55.4, 52.3, 46.2,
12.3, 11.8 ppm; 19F NMR (376.5 MHz, CDCl3) 6 —130.90 ppm; HRMS (ESI-TOF) m/z: [M
+ H]* Calcd for C16H2:FNsO 318.1730; Found 318.1730; IR (KBr, cm™) 804, 1010, 1062,
1379, 1416, 1461, 1617, 1658, 2799, 2853, 2935.
General Procedure of Compound 1h, 1i

To the appropriate isoxazole derivative (0.2 mmol, 1 equiv) in an RB flask, the
corresponding cyclic amine, pyrrolidine, or piperidine, (20 mmol, 100 equiv) was added. The
mixture was stirred at 100 °C in an oil bath for 24 h. After checking the TLC for completion
of the reaction, it was stopped and quenched with water. The mixture was extracted multiple
times with ethyl acetate. The combined organic layers were collected and dried over
anhydrous sodium sulfate. The distillation of solvent under vacuum led to the crude product.
Further purification of the mixture was done over neutral alumina using a 98:2 mixture of n-
hexane: ethyl acetate to give the desired products 1h, i.
(E)-4-((2,4-Di(pyrrolidin-1-yl)phenyl)diazenyl)-3,5-dimethylisoxazole  (1h). Orange
solid, mp = 113—115 °C, Yield = 57.0 mg, 84%. Eluent: n-hexane/ethyl acetate = 98:2; H
NMR (400 MHz, CDCl3) & 7.72 (d, J = 8.8 Hz, 1H), 6.05 (d, J = 6.8 Hz, 1H), 5.75 (s, 1H),
3.59 (br, 4H), 3.38 (br, 4H), 2.61 (s, 3H), 2.45 (s, 3H), 1.99 (br, 8H) ppm; BC{*H} NMR (100
MHz, CDCl3) 6 163.1, 154.5, 150.6, 148.6, 134.3, 132.8, 118.7, 103.4,95.8, 52.2, 47.7, 25.8,
25.5,11.9, 11.6 ppm; HRMS (ESI-TOF) m/z: [M + H]* Calcd for C19H25NsO 340.2137, aobs;
Found 340.2137; IR (KBr, cm™) 792, 1063, 1116, 1170, 1363, 1461, 1609, 2853, 2931.
(E)-4-((2,6-Di(piperidin-1-yl)phenyl)diazenyl)-3,5-dimethylisoxazole (1i). Yellow solid,
mp = 107—-109 °C, Yield = 54.0 mg, 74%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR
(400 MHz, CDCl3) 8 7.16 (t, J =8.1 Hz, 1H), 6.81 (d, J = 7.8 Hz, 2H), 2.87 (br, 8H), 2.74 (s,
3H), 2.55 (s, 3H), 1.49 (br, 12H) ppm; BC{*H} NMR (100 MHz, CDClz) & 168.8, 153.7,
146.3, 142.9, 133.4, 128.3, 114.1, 54.0, 26.5, 24.4, 12.3, 11.8 ppm; HRMS (ESI-TOF) m/z:
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[M + H]* Calcd for C21H290NsO 368.2450; Found 368.2437; IR (KBr, cm ™) 667, 730, 989,
1080, 1379, 1449, 1572, 1614, 2795, 2847, 2927. The single crystal of 1i has been grown in
methanol by slow evaporation at room temperature.
General Procedure of Compound 2a-2c

The cyclic amines (10 mmol, 50 equiv) were added to (E)-4-((2-fluorophenyl)-
diazenyl)-1,3,5-trimethyl-1H-pyrazole (0.2 mmol, 46.5 mg, 1 equiv). The mixture was stirred
at 80 °C in an oil bath for 4 to 5 h. After checking the TLC for completion of the reaction, it
was stopped and quenched with water. The mixture was extracted multiple times with ethyl
acetate. The combined organic layers were collected and dried over anhydrous sodium sulfate.
The distillation of solvent under vacuum led to the crude product. Further purification of the
mixture was done over neutral alumina using a 98:2 mixture of n-hexane:ethyl acetate to give
the desired products, 2a-c.
(E)-1,3,5-Trimethyl-4-((2-(pyrrolidin-1-yl)phenyl)diazenyl)-1Hpyrazole (2a). Orange
solid, mp = 98—100 °C, Yield = 48.0 mg, 84%. Eluent: n-hexane/ethyl acetate = 98:2; 'H
NMR (400 MHz, CDCls) & 7.49 (d, J = 8.0 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.80 (d, J = 8.4
Hz, 1H), 6.71 (t, J = 7.5 Hz, 1H), 3.77 (s, 3H), 3.53 (t, J = 6.0 Hz, 4H), 2.54 (s, 3H), 2.45 (s,
3H), 1.96—1.92 (m, 4H) ppm; ®C{*H} NMR (100 MHz, CDCls) 5 145.8, 142.3, 141.1, 138.2,
135.8, 130.1, 117.6, 116.8, 115.3, 52.2, 36.1, 25.8, 13.9, 10.0 ppm; HRMS (ESI-TOF) m/z:
[M + H]* Calcd for Ci6H21Ns 284.1875; Found 284.1846; IR (KBr, cm™ ) 766, 950, 1274,
1419, 1480, 1613, 2819, 2852, 2936.
(E)-1-(2-((1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)- piperidine (2b). Yellow
solid, mp = 100—102 °C, Yield = 48.0 mg, 80%. Eluent: n-hexane/ethyl acetate = 98:2; H
NMR (400 MHz, CDCls) & 7.54 (dd, J = 8.0, 1.1 Hz, 1H), 7.29 (o, 1H), 7.08 (d, J = 7.7 Hz,
1H), 6.99 (t, J = 7.5 Hz, 1H), 3.79 (s, 3H), 3.15 (br, 4H), 2.61 (s, 3H), 2.54 (s, 3H), 1.76 (br,
4H), 1.61-1.58 (m, 2H) ppm; *C{*H} NMR (100 MHz, CDCl3) § 150.4, 146.5, 142.1, 139.0,
135.7, 130.1, 121.8, 118.8, 116.9, 54.3, 36.1, 26.6, 24.4, 14.0, 10.0 ppm; HRMS (ESI-TOF)
m/z: [M + H]" Calcd for C17H23Ns 298.2032; Found 298.2018; IR (KBr, cm™ ) 761, 924,
1231, 1413, 1494, 1588, 1617, 2816, 2857, 2936.
(E)-4-(2-((1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)- morpholine (2c). Yellow
solid, mp = 135—137 °C, Yield = 50.0 mg, 84%. Eluent: n-hexane/ethyl acetate = 98:2; 'H
NMR (400 MHz, CDClz) 6 7.57 (dd, J = 8.0, 1.6 Hz, 1H), 7.35-7.30 (m, 1H), 7.08— 7.03 (m,
2H), 3.91-3.89 (m, 3H), 3.79 (s, 4H), 3.25-3.22 (m, 4H), 2.60 (s, 3H), 2.51 (s, 3H) ppm;
BC{'H} NMR (100 MHz, CDCl3) & 149.0, 146.3, 141.7, 139.5, 135.8, 130.3, 122.5, 118.3,
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117.0, 67.4, 53.0, 36.2, 14.1, 10.0 ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
C16H21Ns0 300.1813; Found 300.1824; IR (KBr, cm™) 912, 1112, 1223, 1383, 1403, 1618,
1641, 2861, 2918, 2976.
General Procedure of Compound 2d-2f

The azo derivative (E)-4-((2,6-difluorophenyl)diazenyl)-1,3,5-trimethyl-1H-pyrazole,
A2 (0.2 mmol, 50.3 mg, 1 equiv), was added to 2 mL of acetonitrile, and the required cyclic
amine (1 mmol, 5 equiv) was added to the mixture. The mixture was stirred at 40 °C in an oil
bath for 2—3 h. After checking the TLC for completion of the reaction, it was stopped and
quenched with water. The mixture was extracted multiple times with ethyl acetate. The
combined organic layers were collected and dried over anhydrous sodium sulfate. The
distillation of solvent under vacuum led to the crude product. Further purification of the
mixture was done over neutral alumina using a 98:2 mixture of n-hexane: ethyl acetate to give
required products, 2d-f.
(E)-4-((2-Fluoro-6-(pyrrolidin-1-yl)phenyl)diazenyl)-1,3,5-trimethyl-1H-pyrazole (2d).
Orange sticky liquid, Yield = 51.0 mg, 85%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR
(400 MHz, CDClI3) 6 7.03 (td, J= 8.4, 6.1 Hz, 1H), 6.54-6.46 (m, 2H), 3.75 (s, 3H), 3.34 (t,
J=6.6 Hz, 4H), 2.53 (s, 3H), 2.43 (s, 3H), 1.90—1.87 (m, 4H) ppm; *C{*H} NMR (100 MHz,
CDCl3) 6 153.3, (d, J = 249.2 Hz), 145.2 (d, J = 3.8 Hz), 141.4, 139.3, 135.9, 132.2 (d, J =
8.5 Hz), 128.0 (d, J=11.3 Hz), 110.0 (d, J = 2.4 Hz), 104.6 (d, J = 21.7 Hz), 52.0, 36.0, 25.7,
13.9, 9.9 ppm; °F NMR (376.5 MHz, CDCl3) § —132.67 ppm; HRMS (ESI-TOF) m/z: [M +
H]* Calcd for C16H20FNs 302.1781; Found 302.1757; IR (KBr, cm ™) 899, 1076, 1666, 1387,
1449, 1597, 1650, 2869, 2923.
(E)-1-(3-Fluoro-2-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)- phenyl)piperidine (2e).
Orange solid, mp = 74—76 °C, Yield = 52.0 mg, 82%. Eluent: n-hexane/ethyl acetate = 98:2;
'H NMR (400 MHz, CDCls) & 7.1 (td, J = 8.3, 6.0 Hz, 1H), 6.83—6.73 (m, 2H), 3.78 (s, 3H),
3.02 (t, J=5.1 Hz, 4H), 2.57 (s, 3H), 2.51 (s, 3H), 1.67-1.62 (m, 4H), 1.57—-1.50 (0, 2H) ppm;
3C{*H} NMR (100 MHz, CDCl3) & 152.6 (d, J = 251.4 Hz), 149.8 (d, J = 3.6 Hz), 141.6,
139.7, 136.6 (d, J = 6.9 Hz), 136.1, 128.0 (d, J = 10.4 Hz), 114.0 (d, J = 2.8 Hz), 109.8 (d, J
= 21.3 Hz), 53.6, 36.0, 26.3, 24.2, 14.0, 9.9 ppm; **F NMR (376.5 MHz, CDCl3) § —132.15
ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for C17H22FNs 316.1928; Found 316.1937; IR
(KBr, cm™1) 778, 997, 1076, 1410, 1461, 1601, 2803, 2861, 2927.
(E)-4-(3-Fluoro-2-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)- phenyl)morpholine (2f).
Orange solid, mp = 80—82 °C, Yield = 53.0 mg, 84%. Eluent: n-hexane/ethyl acetate = 98:2;
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'H NMR (400 MHz, CDCl3) § 7.16 (td, J = 8.2, 6.0 Hz, 1H), 6.83 (t, J = 8.8 Hz, 2H), 3.79 (o,
7H), 3.09 (t, J = 4.5 Hz, 4H), 2.56 (s, 3H), 2.49 (s, 3H) ppm; *C{*H} NMR (100 MHz, CDCl5)
§ 152.8, (d, J = 252.3 Hz) 148.5, (d, J = 3.6 Hz) 141.4, 140.2, 136.6 (d, J = 7.1 Hz), 136.1,
128.2 (d, J = 10.3 Hz), 113.6 (d, J = 2.9 Hz), 110.8 (d, J = 21.2 Hz), 67.1, 52.5, 36.1, 14.1,
9.8 ppm; °F NMR (376.5 MHz, CDCl3) & —131.53 ppm; HRMS (ESI-TOF) m/z: [M + H]*
Calcd for C16H20FNsO 318.1730; Found 318.1730; IR (KBr, cm™ ) 742, 1000, 1118, 1409,
1468, 1514, 1602, 1631, 2857, 2918, 2980, 3054.

Procedure of Compound 2g

Piperidine (20 mmol, 100 equiv, 1.72 mL) was added to (E)-4-((2,6-
difluorophenyl)diazenyl)-1,3,5- trimethyl-1H-pyrazole, B2 (0.2 mmol, 50.1 mg, 1 equiv). The
mixture was stirred at 100 °C in an oil bath for 24 h. After checking the TLC for completion
of the reaction, the reaction was stopped and quenched with water. The mixture was extracted
multiple times with ethyl acetate. The combined organic layers were collected and dried over
anhydrous sodium sulfate. The distillation of solvent under vacuum led to the crude product.
Further purification of the mixture was done over neutral alumina using a 98:2 mixture of n-
hexane:ethyl acetate to give the desired product.
(E)-1,1"-(2-((1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl)-1,3- phenylene)dipiperidine
(29). Orange solid, mp = 134—136 °C, Yield = 53.0 mg, 70%. Eluent: n-hexane/ethyl acetate
=98:2; 'H NMR (400 MHz, CDCl3) § 7.10 (t, J = 8.1 Hz, 1H), 6.78 (d, J = 8.1 Hz, 2H), 3.80
(s, 3H), 2.86 (t, J = 4.1 Hz, 8H), 2.57 (s, 3H), 2.52 (s, 3H), 1.51-1.41 (m, 12H), 1.25 (br, 2H)
ppm; BC{*H} NMR (100 MHz, CDCls) 5 146.1, 143.9, 141.9, 138.3, 136.0, 127.1, 114.2,
53.7,36.1, 26.5, 24.4, 14.0, 10.1 ppm; HRMS (ESI-TOF) m/z: [M + H]* Calcd for C22Hz2Ns
381.2767; Found 381.2766; IR (KBr, cm™) 730, 1082, 1387, 1457, 1576, 1629, 2849, 2926.

General Procedure of Compound 3a, b

The required cyclic amines, Am (10.0 mmol, 50 equiv), was added to (E)-2-((2-
fluorophenyl)diazenyl)-1-methyl-1H-pyrrole, C1 (0.2 mmol, 40.6 mg). The mixture was
stirred at 80 °C in an oil bath for 4 to 5 h. After checking the TLC for completion of the
reaction, it was stopped and quenched with water. The mixture was extracted multiple times
with ethyl acetate. The combined organic layers were collected and dried over anhydrous
sodium sulfate. The distillation of solvent under vacuum led to the crude product. Further
purification of the mixture was done over neutral alumina using a 98:2 mixture of n-hexane:

ethyl acetate to give the desired products 3a, b.
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(E)-1-Methyl-2-((2-(pyrrolidin-1-yl)phenyl)diazenyl)-1H-pyrrole (3a). Red gummy solid,
mp = 74-76 °C, Yield = 47.0 mg, 93%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400
MHz, CDCl3) 6 7.71 (dd, J = 8.2, 1.6 Hz, 1H), 7.21 (ddd, J=8.5, 6.9, 1.6 Hz, 1H), 6.86—6.80
(m, 2H), 6.70 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.45 (dd, J = 4.0, 1.6 Hz, 1H), 6.25 (dd, J = 4.0,
2.7 Hz, 1H), 3.98 (s, 3H), 3.62 (m, 4H), 1.98 (m, 4H) ppm; *C{*H} NMR (100 MHz, CDCls)
0 147.6, 146.6, 141.1, 130.6, 124.7, 116.6, 116.5, 115.6, 109.4, 97.4, 52.5, 33.2, 26.0 ppm;
HRMS (ESI-TOF) m/z: [M + H]" Calcd for C1sH18Na4. 255.1610; Found 255.1594; IR (KBr,
cm™1) 599, 740, 1050, 1070, 1287, 1491, 1599, 2853, 2925.
(E)-1-(2-((1-Methyl-1H-pyrrol-2-yl)diazenyl)phenyl)piperidine (3b). Red sticky liquid,
Yield = 48.0 mg, 90%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400 MHz, CDCl3) &
7.57 (dd, J=38.0, 1.6 Hz, 1H), 7.30-7.27 (o, 1H), 7.05 (dd, J = 8.2, 1.0 Hz, 1H), 6.96 (ddd, J
= 8.3, 7.3, 1.2 Hz, 1H), 6.91-6.90 (m, 1H), 6.69 (dd, J = 4.2, 1.6 Hz, 1H), 6.27 (dd, J = 4.1,
2.6 Hz, 1H), 3.98 (s, 3H), 3.14 (m, 4H), 1.80 (p, J = 6.0 Hz, 4H), 1.63—1.58 (0, 2H) ppm;
BC{*H} NMR (100 MHz, CDCls3) & 150.6, 147.4, 145.5, 130.2, 126.1, 121.4, 118.6, 116.7,
110.0,99.5, 54.6, 33.4, 26.5, 24.5 ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for C16H20Na.
269.1766; Found 269.1752; IR (KBr, cm™) 1062, 1170, 1313, 1387, 1650, 2931.
General Procedure of Compound 3c, d. (E)-2-((2,6- Difluorophenyl)diazenyl)-1-methyl-
1H-pyrrole C2

(0.2 mmol, 44.2 mg, 1 equiv) was added to 2 mL of acetonitrile, and the
corresponding cyclic amine (1 mmol, 5 equiv) was added to the mixture. The mixture was
stirred at 40 °C in an oil bath for 2 to 3 h. After checking the TLC for completion of the
reaction, it was stopped and quenched with water. The mixture was extracted multiple times
with ethyl acetate. The combined organic layers were collected and dried over a layer of
sodium sulfate. The distillation of solvent under vacuum led to the crude product. Further
purification of the mixture was done over neutral alumina using a 98:2 mixture of n-
hexane:ethyl acetate to give desired products 3c, d.
(E)-2-((2-Fluoro-6-(pyrrolidin-1-yl)phenyl)diazenyl)-1-methyl-1H-pyrrole (3c). Sticky
red liquid, Yield = 54.0 mg, 94%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400 MHz,
CDClI3) 6 7.02 (td, J = 8.3, 6.0 Hz, 1H), 6.90—6.89 (m, 1H), 6.55—6.53 (m, 1H), 6.50 (dd, J =
4.1, 1.6 Hz, 1H), 6.46 (ddd, J = 11.8, 8.2, 1.0 Hz, 1H), 6.26 (dd, J = 4.1, 2.6 Hz, 1H), 3.93 (s,
3H), 3.48-3.45 (m, 4H), 1.94— 1.90 (m, 4H) ppm; *C{*H} NMR (100 MHz, CDCls3) § 153.4,
(d, J=254.1 Hz), 147.6, 147.0, (d, J = 4.5 Hz), 131.1 (d, J = 7.3 HZz), 128.5 (d, J = 11.3 Hz),
125.8, 110.3, (d, J = 2.8 Hz), 109.7, 104.6, (d, J = 21.2 Hz), 97.6, 52.4, 33.3, 25.9 ppm; *F
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NMR (376.5 MHz, CDCl3) 6 —130.01 ppm HRMS (ESI-TOF) m/z: [M+H]" Calcd for
CisH17FN4 273.1515; Found 273.1507; IR (KBr, cm™t) 1170, 1387, 1457, 1473, 1617, 1629,
2861, 2931.
(E)-1-(3-Fluoro-2-((1-methyl-1H-pyrrol-2-yl)diazenyl)phenyl)- piperidine (3d). Sticky
red liquid, Yield = 50.0 mg, 88%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400 MHz,
CDCl3) 8 7.13 (td, T = 8.2, 6.0 Hz, 1H), 6.94 (br, 1H), 6.81 (d, J = 8.3 Hz, 1H), 6.76— 6.71
(m, 2H), 6.29 (dd, J = 3.7 Hz, J = 2.7 Hz, 1H), 3.94 (s, 3H), 3.04 (t, J = 5.2 Hz, 4H), 1.73
(p, J = 5.9 Hz, 4H), 1.60—1.54 (pt, J = 5.5 Hz, 2H) ppm; 2*C{*H} NMR (100 MHz, CDCl5)
3 152.7, (d, J = 254.8 Hz), 150.8, (d, J = 3.8 Hz), 147.4, 135.0, (d, J = 6.3 Hz), 128.4, (d, J
= 10.4 Hz), 126.6, 113.7 (d, J = 2.8 Hz), 110.2, 109.5, (d, J = 21.0 Hz), 98.9, 54.2, 33.2,
26.3, 24.3 ppm; F NMR (376.5 MHz, CDCls) § —130.41 ppm; HRMS (ESI-TOF) m/z: [M
+ H]" Calcd for C16H19FN4 287.1672; Found 287.1658; IR (KBr, cm™) 1170, 1387, 1457,
1473, 1617, 1629, 2861, 2931.
Procedure for Compound 4
Pyrrolidine (10 mmol, 0.8 mL) was added to (E)-4-((2-fluorophenyl)diazenyl)-3,5-
diphenylisoxazole, D (0.2 mmol, 68.7 mg). The mixture was stirred at 70 °C in an oil bath for
4 h. After checking the TLC for completion of the reaction, it was stopped and quenched with
water. The mixture was extracted multiple times with ethyl acetate. The combined organic
layers were collected and dried over anhydrous sodium sulfate. The distillation of solvent
under vacuum led to the crude product. Further purification of the mixture was done over
neutral alumina using a 98:2 mixture of n-hexane:ethyl acetate to give the crystalline solid 4.
(E)-3,5-Diphenyl-4-((2-(pyrrolidin-1-yl)phenyl)diazenyl)isoxazole (4). Orange solid, mp
=110-112 °C, Yield = 69.4 mg, 88%. Eluent: n-hexane/ethyl acetate = 98:2; *H NMR (400
MHz, CDCls) 6 8.18 (d, J = 7.8 Hz, 2H), 7.79 (d, J = 8.4 Hz, 1H), 7.55-7.49 (m, 6H), 7.40
(br, 4H), 6.76 (br, 1H), 2.93 (br, 4H), 1.61 (0, 4H) ppm; ¥C{*H} NMR (100 MHz, CDCl3) &
164.5, 156.6, 147.2, 140.1, 132.6, 132.3, 130.4, 129.7, 129.05, 129.00, 128.9, 128.5, 128.0,
127.8, 117.0, 116.4, 115.9, 51.4, 25.7 ppm; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
C2sH22N40 395.1872; Found 395.1861; IR (KBr, cm™) 1076, 1166, 1387, 1449, 1560, 1641,
2857, 2927.

Procedure of Compound 5

Pyrrolidine (10 mmol, 0.8 mL) was added to (E)-4-((2-fluorophenyl)diazenyl)-1-
methyl-3,5-diphenyl1-H-pyrazole, E (0.2 mmol, 71.2 mg). The mixture was stirred at 70 °C

in an oil bath for 4 h. After checking the TLC for completion ofthe reaction, it was stopped
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and quenched with water. The mixture was extracted multiple times with ethyl acetate. The
combined organic layers were collected and dried over anhydrous sodium sulfate. The
distillation of solvent under vacuum led to the crude product. Further purification of the
mixture was done over neutral alumina using a 98:2 mixture of n-hexane:ethyl acetate to give
a crystalline solid 5. The single crystal has been grown in methanol by slow evaporation at
room temperature.

(E)-1-Methyl-3,5-diphenyl-4-((2-(pyrrolidin-1-yl)phenyl)- diazenyl)-1H-pyrazole (5).
Orange solid, mp=110—112 °C, Yield = 67.0 mg, 82%. Eluent: n-hexane/ethyl acetate = 98:2;
'H NMR (400 MHz, CDCls) § 7.97 (d, J = 6.6 Hz, 2H), 7.66 (d, J = 7.8 Hz, 1H), 7.44-7.33
(m, 8H), 7.17 (t, J = 5.6 Hz, 1H), 6.67—6.59 (m, 2H), 3.82 (s, 3H), 2.84 (br, 4H), 1.59 (o, 4H)
ppm; B¥C{*H} NMR (100 MHz, CDCls) & 146.9, 146.4, 140.6, 135.4, 134.9, 133.2, 131.1,
130.4, 130.0, 128.8, 128.6, 128.4, 128.3, 127.8, 117.2, 115.8, 115.6, 51.2, 37.6, 25.6 ppm;
HRMS (ESI-TOF) m/z: [M + H]* Calcd for C26H25Ns 408.2188; Found 408.2176; IR (KB,
cm1) 739, 1095, 1170, 1187, 1383, 1476, 1596, 1646, 2861, 2931.

2.7 Conclusions

In summary, we have synthesized 22 visible light photoswitchable azoheteroarenes
in high vyields through modular synthesis. We have evaluated the structure-property
relationships through a systematic variation in the substituents and azoheteroarenes (Figure
2.4). The significant outcomes of the studies are as follows: (1) The ortho amination in the
azoheteroarenes tremendously influenced the n—z* band through enhancement and red-shift,
which enables visible light photoswitching. (2) The wavelengths for the forward
photoisomerization (E-Z) solely depend on the heterocycles; in particular, electron-rich N-
methylpyrrole or highly conjugated diphenyl-substituted pyrazole/isoxazole units can
isomerize with longer wavelengths than typical UV/blue light. (3) For the reverse
isomerization steps, besides the heterocycles, the substitution pattern equally dictates the
choice of wavelength. Again, the diphenyl substituted pyrazole/isoxazole units render
isomerization under red light. (4) An additional ortho fluorination (Type B) or changing the
cyclic amine from five-membered to six-membered ring systems (Type A) accounts for the
need of blue-shifted wavelengths in the reverse isomerization step. (5) Among the
heterocycles, only N-methylpyrrole derivatives exhibit fast thermal relaxation and in all cases,
the additional ortho fluorination (Type B) can enhance the half-life of the Z-isomer

irrespective of the heterocycle present.
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Figure 2.4. Summary depicting the structure-property relationship of azoheteroarene
photoswitches.

(6) The thermal relaxation rate of the isomers follows the trend Type B < Type A < Type
C.Thus, we deciphered that ortho amination and the choice of heterocycle are the critical
factors influencing the bidirectional visible light photoswitching, whereas an additional
fluorine substitution at ortho position can enhance the thermal stability of the Z-isomer. Also,
the substitution pattern along with heterocycles is vital in tuning the half-lives of the Z-
isomers. We also unraveled a new class of 3,5-diphenylheteroazoarenes capable of
bidirectional visible light photoswitching and possessing longer half-lives of the Z-isomer. To
the best of our knowledge, there are no reports on azoheteroarene that can switch in both
directions under longer wavelengths compared to blue light irradiation conditions and

concurrently unveiling extended thermal stability of the photoswitched state.
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Appendix 2A

2A.1. Analysis of photoswitching and thermal stability aspects using UV-vis
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Figure 2A.1.1. Photoswitching behavior of la. Forward and reverse isomerization (a) in
DMSO (61.9 uM); (b) in MeCN (46.2 uM), and (¢) in MeOH (71.4 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1a (DMSO, 50 °C, monitored at
A = 475 nm); Estimation of the molar absorption coefficient of 1a in DMSO at (e) 315 nm,
and (f) 475 nm.
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Figure 2A.1.2. Photoswitching behavior of 1b. Forward and reverse isomerization (a) in
DMSO (47.0 uM); (b) in MeCN (62.5 uM), and (c¢) in MeOH (56.2 puM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1b (DMSO, 80 °C, monitored at
A =316 nm); Estimation of the molar absorption coefficient of 1b in DMSO at (e) 316 nm,
and (f) 402 nm.
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Figure 2A.1.3. Photoswitching behavior of 1c. Forward and reverse isomerization (a) in
DMSO (118.1 pM); (b) in MeCN (129.8 uM), and (c) in MeOH (125.0 pM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1¢ (DMSO, 80 °C, monitored at A
= 319 nm); Estimation of the molar absorption coefficient of 1c in DMSO at (e) 319 nm, and
(F) 392 nm.
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Figure 2A.1.4. Photoswitching behavior of 1d. Forward and reverse isomerization (a) in
DMSO (29.3 uM); (b) in MeCN (66.0 uM), and (c) in MeOH (60.3 uM) at the indicated
wavelengths; Estimation of the molar absorption coefficient of 1d in DMSO at (d) 311 nm,
and (e) 465 nm.
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Figure 2A.1.5. Photoswitching behavior of le. Forward and reverse isomerization (a) in
DMSO (103.5 uM); (b) in MeCN (116.7 uM), and (c) in MeOH (100.7 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1e (DMSQO, 80 °C, monitored at A
= 310 nm); Estimation of the molar absorption coefficient of 1e in DMSO at (e) 310 nm, and

(F) 379 nm.
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Figure 2A.1.6. Photoswitching behavior of 1f. Forward and reverse isomerization (a) in
DMSO (109.0 uM); (b) in MeCN (120.2 uM), and (c) in MeOH (109.9 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1f (DMSO, 80 °C, monitored at
A = 304 nm); Estimation of the molar absorption coefficient of 1f in DMSO at (e) 304 nm,

and (f) 372 nm.
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Figure 2A.1.7. Photoswitching behavior of 1g. Forward and reverse isomerization (a) in
DMSO (88.8 uM); (b) in MeCN (95.5 uM), and (c) in MeOH (77.8 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 1g (DMSO, 80 °C, monitored at A
= 311 nm); Estimation of the molar absorption coefficient of 1g in DMSO at (e) 311 nm, and
(F) 378 nm.
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Figure 2A.1.8. Photoswitching behavior of 1h. Absorption spectra of 1h (a) in DMSO (42.6
uM); (b) in MeCN (56.7 uM), and (c) in MeOH (69.7 uM) (Note that the sample exhibited no
photoisomerization); Estimation of the molar absorption coefficient of 1h in DMSO at (d) 400
nm, and (e) 480 nm.
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Figure 2A.1.9. Photoswitching behavior of 1i. Absorption spectra of 1i (a) in DMSO (73.8
uM); (b) in MeCN (70.8 uM), and (c) in MeOH (87.9 uM) (Note that the sample exhibited no
photoisomerization); Estimation of the molar absorption coefficient of 1i in DMSO at (d) 270

nm, and (e) 358 nm.
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Figure 2A.1.10. Photoswitching behavior of 2a. Forward and reverse isomerization (a) in
DMSO (75.3 uM); (b) in MeCN (67.9 uM), and (c) in MeOH (84.6 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 2a (DMSO, 50 °C, monitored at
A =461 nm); Estimation of the molar absorption coefficient of 2a in DMSO at (e) 322 nm,

and (f) 461 nm.
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Figure 2A.1.11. Photoswitching behavior of 2b. Forward and reverse isomerization (a) in
DMSO (98.2 uM); (b) in MeCN (90.6 uM), and (c) in MeOH (92.7uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 2b (DMSO, 50 °C, monitored at
A = 329 nm); Estimation of the molar absorption coefficient of 2b in DMSO at (e) 329 nm,
and (f) 379 nm.
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Figure 2A.1.12. Photoswitching behavior of 2c. Forward and reverse isomerization (a) in
DMSO (43.3 uM); (b) in MeCN (60.1 puM), and (c) in MeOH (84.9 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization Kinetics of 2¢c (DMSO, 50 °C, monitored at
A = 328 nm); Estimation of the molar absorption coefficient of 2c in DMSO at (e) 328 nm,
and (f) 380 nm.
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Figure 2A.1.13. Photoswitching behavior of 2d. Forward and reverse isomerization (a) in
DMSO (122.2 uM); (b) in MeCN (100.8 uM), and (c) in MeOH (117.9 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 2d (DMSO, 80 °C, monitored at
A = 312 nm); Estimation of the molar absorption coefficient of 2d in DMSO at (e) 312 nm,
and (f) 448 nm.
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Figure 2A.1.14. Photoswitching behavior of 2e. Forward and reverse isomerization (a) in
DMSO (127.4 uM); (b) in MeCN (111.6 uM), and (c) in MeOH (100.9 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 2e (DMSO, 80 °C, monitored at
A = 310 nm); Estimation of the molar absorption coefficient of 2e in DMSO at (e) 310 nm,

and (f) 426 n

m.
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Figure 2A.1.15. Photoswitching behavior of 2f. Forward and reverse isomerization (a) in
DMSO (109.2 uM); (b) in MeCN (100.3 uM), and (c) in MeOH (97.5 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 2f (DMSO, 80 °C, monitored at A

= 317 nm); Estimation of the molar absorption coefficient of 2f in DMSO at (e) 317 nm.
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Figure 2A.1.16. Photoswitching behavior of 2g. Absorption spectra of 2g (a) in DMSO (111.5
uM); (b) in MeCN (101.2 uM), and (c) in MeOH (99.7 uM) (Note that the sample exhibited
no photoisomerization); Estimation of the molar absorption coefficient of 2g in DMSO at (d)

288 nm.

60



o
o

1.0 1.0
——Before irradiation | —— Before irradaition —— Before irradiation
—After irradiation 505 nm —— After irradiation with 490 nm ——After irradiation with 505 nm|
0.8 08 08
8 8 g
£o06 (a) 06 (b) 506 (c
2 8 8
— 2 5
204 2 S04
< R <
0.2 0.2 02
0.0 - 0.0 T 0.0 + + + T
300 400 500 600 200 300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
09- 125 144
0.8 124
1.00
. 07 8 3 1.0
€05 g £
@)
g go.vs g 08
o Equation y *a 4 bx
2 05 g AdLRS 099858 B
< < Vatoe sg::n <06 0 [ —
04 0.50 N I I ot 00406 0.08843
Sope 108482 SO4BEST Sope 1788 T4STSEN
03 el
: i i
02 .28 . . . : 024 . . ; ;
000002 000004 000006 000008  0.00010 000002 000004 0.00006  0.00008  0.00010

0 10 40

20 30
Time (minutes)

Concentration(M)

Concentration(M)

Figure 2A.1.17. Photoswitching behavior of 3a. Forward and reverse isomerization (a) in
DMSO (47.8 uM); (b) in MeCN (67.8 uM), and (c) in MeOH (78.4 uM) at the indicated
wavelengths (Note that the reverse photoisomerization could not be carried out with the help
of visible light because E-and Z-isomer bands are non-distinguishable in the visible range of
the spectra); (d) Thermal reverse isomerization kinetics of 3a (DMSO, 25 °C, monitored at
A =502 nm); Estimation of the molar absorption coefficient of 3a in DMSO at (e) 361 nm, (f)
502 nm.
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Figure 2A.1.18. Photoswitching behavior of 3b. Forward and reverse isomerization (a) in
DMSO (33.9 uM); (b) in MeCN (52.4 uM), and (¢) in MeOH (67.3 uM) at the indicated
wavelengths (Note that the reverse photoisomerization could not be carried out with the help
of visible light because E-and Z-isomer bands are non-distinguishable in the visible range of
the spectra); (d) Thermal reverse isomerization kinetics of 3b (DMSO, 25 °C, monitored at A
= 377 nm); Estimation of the molar absorption coefficient of 3b in DMSO at (e) 377 nm.
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Figure 2A.1.19. Photoswitching behavior of 3c. Forward and reverse isomerization (a) in
DMSO (104.2 uM); (b) in MeCN (100.6 uM), and (c) in MeOH (109.2 uM) at the indicated
wavelengths (Note that the reverse photoisomerization could not be carried out with the help
of visible light because E-and Z-isomer bands are non-distinguishable in the visible range of
the spectra); (d) Thermal reverse isomerization kinetics of 3c (DMSO, 80 °C, monitored at A
= 362 nm); Estimation of the molar absorption coefficient of 3c in DMSO at (e) 362 nm.
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Figure 2A.1.20. Photoswitching behavior of 3d. Forward and reverse isomerization (a) in
DMSO (44.3 uM); (b) in MeCN (66.7 uM), and (c) in MeOH (59.8 uM) at the indicated
wavelengths (Note that the reverse photoisomerization could not be carried out with the help
of visible light because E-and Z-isomer bands are non-distinguishable in the visible range of
the spectra); (d) Thermal reverse isomerization kinetics of 3d (DMSO, 80 °C, monitored at A
= 370 nm); Estimation of the molar absorption coefficient of 3d in DMSO at (e) 370 nm.
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Figure 2A.1.21. Photoswitching behavior of 4. Forward and reverse isomerization (a) in
DMSO (99.9 uM); (b) in MeCN (90.2 uM), and (c) in MeOH (100.3 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 4 (DMSO, 50 °C, monitored at A
= 513 nm); Estimation of the molar absorption coefficient of 4 in DMSO at (e) 332 nm, (f)

513 nm.
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Figure 2A.1.22. Photoswitching behavior of 5. Forward and reverse isomerization (a) in
DMSO (126.0 uM); (b) in MeCN (110.3 uM), and (c) in MeOH (100.9 uM) at the indicated
wavelengths; (d) Thermal reverse isomerization kinetics of 5 (DMSO, 50 °C, monitored at A
= 492 nm); Estimation of the molar absorption coefficient of 5 in DMSO at (e) 326 nm, (f)

492 nm.
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Figure 2A.1.23. Photoswitching stability over five cycles of. 1la (monitored at 475 nm,
Forward 470 nm, reverse 590 nm); 1b (monitored at 402 nm, Forward 405 nm, reverse 435
nm); 1c (monitored at 392 nm, Forward 405 nm, reverse 490 nm); 1e (monitored at 379 nm,
Forward 405 nm, reverse 505 nm); 1f (monitored at 372 nm, Forward 405 nm, reverse 490
nm); 1g (monitored at 378 nm, Forward 405 nm, reverse 535 nm); 2a (monitored at 461 nm,
Forward 470 nm, reverse 590 nm); 2b (monitored at 329 nm, Forward 405 nm, reverse 535
nm); 2¢ (monitored at 380 nm, Forward 405 nm, reverse 505 nm); 2d (monitored at 448 nm,
Forward 405 nm, reverse 535 nm); 2e (monitored at 310 nm, Forward 405 nm, reverse 450
nm); 2f (monitored at 317 nm, Forward 405 nm, reverse 470 nm).
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Figure 2A.1.24. Photoswitching stability over five cycles of: 4 (monitored at 513 nm, Forward
515 nm, reverse 615 nm); 5 (monitored at 492 nm, Forward 505 nm, reverse 590 nm).
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Figure 2A.1.25. Photoswitching stability over five cycles of: 3a (monitored at 502 nm,
Forward 505 nm, reverse at 25 °C); 3b (monitored at 377 nm, Forward 505 nm, reverse at 25
°C); 3c (monitored at 377 nm, Forward 405 nm, reverse at 80 °C); 3d (monitored at 365 nm,
Forward 405 nm, reverse at 80 °C).
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Figure 2A.1.27. UV spectra of Z-isomer of 3a in solvents of different polarity.

0.2

Absorbance
[—]
[

0.0 4 3
T T T T T Ty i
300 350 400 450 500 550 600 650 700

Before irradiation

After irradiation with 515 nm_cycle1
After irradiation with 615 nm_cycle1
After irradiation with 515 nm_cycle2
- After irradiation with 615 nm_cycle2

Wavelength (nm)

Figure 2A.1.28. Photoswitching behavior of 4 in 70 % DMSO IN PBS buffer (pH=7.4)
solution. The solution undergoes efficient forward and reverse photoswitching with 515 and
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The compound showed most efficient forward photoswitching with the help of 515 nm light.
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Figure 2A.1.30. Screening of wavelengths for the reverse isomerization in the compounds
1b, 1c, 1g, 2a, 2b, 2e and 2f (in DMSO) (Each wavelength was screened by irradiating the Z-
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2A.2. Thermal reverse isomerization Kinetics data at variable temperature
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Figure 2A.2.1. Thermal reverse isomerization kinetics of 1a (DMSO, monitored at A = 475
nm) at (a) 45 °C, (b) 55 °C, and (c) 60 °C, (d) Arrhenius plot for deducing the rate constant at

25 °C by extrapolation.
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Figure 2A.2.2. Thermal reverse isomerization kinetics of 1b (DMSO, monitored at A = 316
nm) at (a) 70 °C, (b) 85 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at

25 °C by extrapolation.
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Figure 2A.2.3. Thermal reverse isomerization kinetics of 1¢c (DMSO, monitored at A = 319
nm) at (a) 70 °C, (b) 80 °C, and (c) 85 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.4. Thermal reverse isomerization kinetics of 1e (DMSO, monitored at A = 310
nm) at (a) 75 °C, (b) 85 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at

25 °C by extrapolation.
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Figure 2A.2.5. Thermal reverse isomerization kinetics of 1f (DMSO, monitored at A = 304
nm) at (a) 75 °C, (b) 90 °C, and (c) 100 °C, (d) Arrhenius plot for deducing the rate constant

at 25 °C by extrapolation.
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Figure 2A.2.6. Thermal reverse isomerization kinetics of 1g (DMSO, monitored at A = 311
nm) at (a) 75 °C, (b) 85 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.7. Thermal reverse isomerization kinetics of 2a (DMSO, monitored at A = 461
nm) at (a) 45 °C, (b) 55 °C, and (c) 60 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.8. Thermal reverse isomerization kinetics of 2b (DMSO, monitored at A = 329
nm) at (a) 50 °C, (b) 60 °C, and (c) 80 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.9. Thermal reverse isomerization kinetics of 2c (DMSO, monitored at A = 328
nm) at (a) 60 °C, (b) 70 °C, and (c) 80 °C, (d) Arrhenius plot for deducing the rate constant at

25 °C by extrapolation.
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Figure 2A.2.10. Thermal reverse isomerization kinetics of 2d (DMSO, monitored at A = 312
nm) at (a) 75 °C, (b) 80 °C, and (c) 85 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.11. Thermal reverse isomerization kinetics of 2e (DMSO, monitored at A = 310
nm) at (a) 75 °C, (b) 85 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.12. Thermal reverse isomerization Kinetics of 2f (DMSO, monitored at A = 317
nm) at (a) 75 °C, (b) 85 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.13. Thermal reverse isomerization kinetics of 3c (DMSO, monitored at A = 362
nm) at (a) 75 °C, (b) 80 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at

25 °C by extrapolation.
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Figure 2A.2.14. Thermal reverse isomerization kinetics of 3d (DMSO, monitored at A = 370
nm) at (a) 75 °C, (b) 80 °C, and (c) 90 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.15. Thermal reverse isomerization kinetics of 4 (DMSO, monitored at A = 513
nm) at (a) 60 °C, (b) 65 °C, and (c) 70 °C, (d) Arrhenius plot for deducing the rate constant at
25 °C by extrapolation.
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Figure 2A.2.16. Thermal reverse isomerization kinetics of 5 (DMSO, monitored at A = 492
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2A.3. Quantification of photoisomers by using 'H NMR spectroscopy
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Figure 2A.3.1. Estimation of PSS composition using *H NMR spectroscopy of 1a (DMSO-
ds, 12.1 mM) (a) before irradiation; (b) after irradiation at 470 nm; (c) after irradiation at 590
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.
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Figure 2A.3.2. Estimation of PSS composition using *H NMR spectroscopy of 1b (DMSO-
de, 11.2 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 435
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.3. Estimation of PSS composition using *H NMR spectroscopy of 1¢ (DMSO-
ds, 10.5 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 490
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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ds, 10.1 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 505
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.6. Estimation of PSS composition using *H NMR spectroscopy of 1g (DMSO-
ds, 9.9 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 535
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)

—3.7190
~~3.6190

J (c)
i x i

T T T T T
28 24 20 1.6 ppm

13
3
m

wl[ N
m‘E
o
°
3 J

T T L} T
7.0 6.5 ppm 4.0

ma\-;

—3.7190
~3.6190 23.87

z b
g ‘ (b)
o I 1
T T B T T =3 | T T T T T
7.0 6.5 ppm 4.0 3.5 ppm 28 24 20 1.6 ppm
/
N-N gz
A9~ 3z
&% :
N* N ;
& |
2a E J (a)
Ak J |
r T T LI § T T 1 T T T L | T
7.0 6.5 ppm 4.0 3.5 ppm 28 24 20 16 ppm

Figure 2A.3.7. Estimation of PSS composition using *H NMR spectroscopy of 2a (DMSO-
ds, 11.3 mM) (a) before irradiation; (b) after irradiation at 470 nm; (c) after irradiation at 590
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.8. Estimation of PSS composition using *H NMR spectroscopy of 2b (DMSO-
ds, 10.1 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 535
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.9. Estimation of PSS composition using *H NMR spectroscopy of 2¢ (DMSO-
ds, 10.2 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 505
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.10. Estimation of PSS composition using *H NMR spectroscopy of 2d (DMSO-
ds, 10.3 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 535
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.11. Estimation of PSS composition using *H NMR spectroscopy of 2e (DMSO-
ds, 9.4 mM) (a) before irradiation; (b) after irradiation at 405 nm; (c) after irradiation at 450
nm. (Normalized integral values of selected protons are indicated for E- and Z-isomers.)
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Figure 2A.3.12. Estimation of PSS composition using *H NMR spectroscopy of 2f (DMSO-
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Figure 2A.3.13. Estimation of PSS composition using *H NMR spectroscopy of 3b (DMSO-
ds, 11.1 mM) (a) before irradiation; (b) after irradiation at 505 nm.
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Figure 2A.3.15. *H NMR photoswitching studies of 3d in DMSO-ds (10.5 mM) (a) before
irradiation; (b) after irradiation with 405 nm.

—3.0964
2.8160
2.7998
2.7837

7.5 7.0 6.5 ppm 3.0 25 20 ppm

2.8175

~3.0983 19.72>=
80.28
§2.ao1 g e
2.7856

(b)

|

o

T 1
25 20 ppm

3 .
-
-2
NS
T
-2
2.8237 49.73 = w
50.27 =

2.8078
2.7915

(a)

|

L} 1 1 L) ] L]
7.5 7.0 6.5 ppm 30 25 20 ppm

.
.

| 'Y

Figure 2A.3.16. Estimation of PSS composition using *H NMR spectroscopy of 4 (DMSO-
ds, 8.9 mM) (a) before irradiation; (b) after irradiation at 515 nm; (c) after irradiation with 615
nm.
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Figure 2A.3.17. Estimation of PSS composition using *H NMR spectroscopy of 5 (DMSO-
ds, 9.2 mM) (a) before irradiation; (b) after irradiation at 505 nm; (c) after irradiation with 590
nm.

2A.4. Crystallographic details of compound 1i and 5

Single crystal X-ray diffraction data of compound 1i and 5 was collected using a Rigaku
XtaLAB mini diffractometer equipped with Mercury375M CCD detector. The data were
collected with MoKa radiation (A= 0.71073 A) using omega scans. During the data collection,
the detector distance was 49.9 mm (constant) and the detector was placed at 26 = 29.85°
(fixed). The data collection and data reduction were done using CrysAlisPro 1.171.38.46, and
crystal structures were solved through OLEX2! package using SHELXT? and the structures
were refined using SHELXL.3

Fig. 2A.4.1 Single crystal X-ray structures of compound 1i and 5. Thermal ellipsoids are set
at 50% probability. All hydrogen atoms have been omitted for clarity. Selected interatomic
distances (A) and bond angles for compound 1i (°): O1-N1 = 1.425(3), N2-N3 = 1.258(2),
N2-C3 = 1.405(2), N3-C6 = 1.428(2); N3-N2-C3 = 114.15(17), N2-N3-C6 = 114.65(17);
Compound 5: N1-N2 = 1.353(2), N3-C8 = 1.4034(18), N4-N3 = 1.2700(18), N5-C22 =
1.362(2); N4-N3-C8 = 114.00(13), N3-N4-C17 = 113.89(13).
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Compound[@ 1i 5
Chemical Formula C21H2oNsO Ca26H2sNs
Molar mass 367.49 407.51
Crystal system triclinic monoclinic
Space group P1 P2i/c

T [K] 200.0(10) 150.01(1)
a[A] 10.4897(10) 13.3700(7)
b [A] 11.2575(10) 13.0853(7)
c[A] 19.1358(10) 12.6475(6)
al’] 93.114(5) 90
B 103.650(6) 101.442(5)
v [°] 112.257(8) 90

Vv [A3 2006.2(3) 2168.7(2)
4 4 4
D(calcd.) [g-cm~?] 1.217 1.248
p(Mo-Ka) [mm-1] 0.078 0.076
Reflections collected 44353 29299
Independent reflections 13857 7358
Data/restraints/parameter 13857/0/491 7358/0/281

R1, WR2[I>20(1)]!

0.0797, 0.1914

0.0730, 0.1886

R1, wR2 (all data)l@

0.1671, 0.2598

0.1094, 0.2269

GOF

1.023

1.040

CCDC

2114121

2124768

[a] R1 = ||Fo| — |Fc||/Z|Fol. wR2 = [Sw(|Fo?| — |Fc2|)2/Sw|Fo?[2]2

1. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J.

Appl. Cryst. 2009, 42, 339-341.

2. Sheldrick, G. M. Acta Cryst. 2015, A71, 3-8.
3. Sheldrick, G. M. Acta Cryst. 2015, C71, 3-8.)
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2A.5. Compound characterization (*H and 3C-NMR) data
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Chapter 3
Water soluble azoheteroarene photoswitches

Part A. Heteroaryl azopyridinium ionic photoswitches (HAPIPs)

3A.1 Introduction

Azobenzenes are undoubtly versatile molecule which can isomerize between two
different geometric isomers by light.® In recent times, the introduction of five-membered
heterocycle units led to unsymmetrical azoheteroarenes that widens the application potential.?
This can be attributed to their superior bidirectional photoswitching, and exceptional Z-isomer
stability. Despite a continuous surge in this direction, photoswitching of azo compounds in
aqueous media, in general, remains still as one of the open challenges. Particularly water can

destabilize the Z-isomer.2

Considering the importance of water solubility of photoswitches in the domains of
medicinal chemistry and photopharmacology, a few strategies such as, introduction of acidic
or basic groups (Woolley and Gretli),* incorporation of polar groups in the rigid ring of the
diazocine photoswitches (Herges),” manipulation of the polarity by photoswitching (Evans
and Yu),® etc. have been employed. Alternatively, the photoswitches can be made ionic by
connecting a cationic or an anionic group.’ Using this straight forward approach, a few ionic-
based azo photoswitches have been developed by tethering the quaternized ionic centers at a
remote location relative to the azo group.® However, the best way to exploit and modulate the
electrostatic forces of interaction by photoswitching is to create the ionic centre close to the
azo group.’ Direct quarternization of azoheteroarenes, such as, azopyridines, azoimidazoles,
etc. can be the possible approach in this regard.!® Surprisingly, the resulting azopyridinium
salts were found to be fast photoswitches (Ogata).'% Indeed, such photoswitches were targeted
mainly for making real time optical oscillators by exploiting their rapid thermal reverse Z-E
isomerization rates.'” Further enhancements in the rates were accomplished by introducing
electron donating group at para or ortho position of the phenyl ring of azopyridinium

photoswitch (push-pull type, Valesco).!%>¢

Notwithstanding such explorations, improving the stability of Z-isomers of these
compounds in water and bringing tunability have not been attempted yet. At this juncture, we

hypothesized that a design comprising five-membered azoheteroarenes'! (the state-of-the-art
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photoswitches, Scheme 1) incorporated with the pyridinium moiety (ionic part) can provide
opportunities to achieve the same. To envisage our objectives, we designed 8 heteroaryl
azopyridinium ionic photoswitches (HAPIPs) with different five-membered heterocycle units
(pyrazole and isoxazole), variation in the alkyl chain (at pyridinium center), changes in the
counter ions, and position of the azo relative to the pyridinium center, and substitution at the
heterocycle (3,5-dimethyl vs 3,5-diphenyl). Furthermore, the photoswitching and kinetics
studies were carried out in different solvents for comparison. The resulting structure-property
relationship, effects of solvents and substituents, etc. revealed the tunability of half-lives in

the range from seconds to days.
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Scheme 3A.1. Synthesis of heteroaryl azopyridinium-based ionic photoswitches (HAPIPs).
Conditions: (i) NaNO2/HCI or NaNO»/ HBF4, H>O, 0-5 °C; (ii) acac or 1,3-diphenylpropane-
1,3-dione, MeOH-H>O, 0-5 °C to rt, 70-78%; (iii) NHOH.HCl or NH>NHMe.H>SO4,
NaxCO;s, EtOH, reflux, 8-10 hrs, 60-80%; (iv) alkyl halides or dialkyl sulfate, MeCN, 50-80
°C, 2-5 hrs, 79-98%.
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3A.2 Synthesis

To access to the target pyridinium-based azopyrazoles and azoisoxazoles, primarily 3-
aminopyridine was diazotized using NaNO2/HCI or NaNO2/HBF4 conditions, followed by he
treatment with acetylacetone (acac) or 1,3-diphenylpropane-1,3-dione (Scheme 3A.1). The
resulting product was then reacted with N-methylhydrazine or hydroxyl amine in the presence
of an inorganic base.?® The resulting pyridylazopyrazole and pyridylazoisoxazole derivatives
were then subjected to quaternization by treating with the corresponding alkyl halides or
dialkyl sulfates to obtain our desired heteroaryl azopyridinium ionic photoswitches
(HAPIPs). In all these targets, either the halides or the alkylsulphates were the counter ions.
For the selected compounds, the ion exchange was performed by using sodium
tetrafluoroborate, and ammonium hexafluorophosphate.*? All the targets were characterized
using *H, 3C-NMR, HRMS, IR, and UV-vis spectroscopic techniques (Appendix 3A).

3A.3 Photoswitching studies

The photoswitching studies of all 8 HAPIPs were carried out in three different solvents
DMSO, MeCN, and H20. The thermodynamically stable E-isomers of all derivatives
exhibited a strong 7—=* and a weak n—r* bands. Unlike isoxazole derivatives having a blue
shifted n—n* band (320 nm), all the pyrazole-based HAPIPs have shown the =—=* band at or
above 348 nm. Such absorption maxima depend on the solvent, where DMSO showed a
maximum red shift. All the targets exhibited a maximum forward E-Z photoisomerization by
irradiation at either 365 or 340 nm light. As expected, the enhancement in the intensity of
n—n* band and the appearance of blue shifted low intense n—n* transition ascertained the
formation of Z-isomer. Notably, the n—=* bands of Z-isomers of 3,5-dimethyl substituted
pyrazole derivatives exhibited a red shift and were separated from the corresponding n—n*
bands (Appendix 3A).
On the other hand, 3,5-diphenyl substituted pyrazole and all isoxazole (both dimethyl and
diphenyl connected) derivatives showed a well separated =—=* and n—=* bands in the spectra
of both the E- and Z-isomers. A representative data on the photoswitching aspects in pyr-m-
C1-MeSOg4 and ph-iso-m-C1-MeSOq are included (Figure 3A.1). Besides the influences of
heterocyclic ring and its substitution, we did not observe any significant changes in the
absorption features due to variation in the counter ions (Y). All the 3,5-dimethyl substituted
pyrazole derivatives, exhibited thermal Z-E relaxation of Z-isomers in seconds, and so the

corresponding Z-E photoisomerization step could not be followed.
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Figure 3A.1. Photoswitching in water: (a) pyr-m-C2-1 and (b) ph-iso-m-C1-MeSOg; (c) long
term stability.

However, the PSS compositions of those derivatives have been estimated using the
absorption spectral changes upon forward E-Z irradiation steps.® Interestingly, the E-Z
photoisomerization conversion in 3,5-dimethyl substituted pyrazole derivatives was

maximum (65-75%) in water.

On contrast, the conversion dropped drastically in acetonitrile and DMSO, which
could be attributed to faster thermal Z-F relaxation relative to water. For instance, derivative
pyr-m-C1-I exhibited forward photoisomerization 65% in water while 48% and 7% in
DMSO, and MeCN, respectively (Table 3A.1). However, all other derivatives showed a
moderate to good photoswitching in the forward E-Z and reverse Z-E photoisomerization steps
in water. Besides that, the stability of Z-isomers allowed to follow the photoswitching process
by 'H-NMR spectroscopy. Indeed, all isoxazole derivatives and 3,5-diphenyl substituted
pyrazole derivatives showed 50-78% forward E-Z photoisomerization conversion (at 365 or
340 nm, 60 min), whereas the irradiation with blue or green light (60 min) led to the Z-E
photoisomerization with a conversion upto 74-85% in D,0O. For instance, derivative ph-iso-
m-C1-MeSO4 showed forward E-Z photoisomerization upto a maximum of 75% and reverse

Z-E photoisomerization upto 83% in D2O (Figure 3A.2). Furthermore, the photoswitching
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stability has been tested for selected derivatives in water over several cycles and they showed
fatigue resistance (Appendix 3A). Despite exhibiting excellent photoswitching behavior in
the forward E-Z photoisomerization, except a few derivatives several of them showed Z-E
thermal relaxations with half-lives in seconds. To compare the thermal stability of Z-isomers

of all the 8 targets, we carried out kinetics studies in DMSO, MeCN and H>O by
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Figure 3A.2. (e-g) partial *H-NMR data depicting the forward (E-Z) and reverse (Z-E)
photoisomerization steps in ph-iso-m-C1-MeSO4 (D20, 1.3 mM). The normalized integral
values due to the pyridinium methyl proton signals are included for the estimation of PSS
composition.

7

following absorption changes in UV-vis spectroscopy. Notably, all 3,5-dimethyl pyrazole

derivatives showed a shorter half-life (in seconds to minutes). For instance, the derivative pyr-
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m-C1-1 showed a half-life of Z-isomer 47 s, 18 s, and 5 s in water, DMSO, and MeCN,
respectively (Table 3A.1). Whereas the corresponding 3,5-dimethyl isoxazole derivates
showed higher thermal half-lives (in hours) in water. The derivatives iso-m-C1-MeSQO4 and
iso-m-C2-EtSO4 showed half-lives 2.3 and 2.6 h, respectively in water (Table 3A.1). By
incorporating 3,5-diphenyl substitution in pyrazole or isoxazole derivatives, the half-lives can
further be improved in the order of hours to days. Remarkably, ph-iso-m-C1-MeSO4
exhibited the maximum half-life of 6.3 d in water, which has been estimated based on the
extrapolation of an Eyring plot to 25 °C (Appendix 3A). Moreover, the kinetics experiments
performed using all pyrazole derivatives were consistently showed a trend, where the rates are
varying in the order: water < DMSO < MeCN. For instance, pyrazole derivative pyr-m-C1-1
in water exhibited nine- and three-times slower rate of thermal reverse Z-E isomerization
compared to MeCN and DMSO, respectively (Table 3A.1). On the other hand, such rates of
the isoxazole derivatives exhibited a slightly different trend: DMSO < water < MeCN. For
example, ph-iso-m-C1-I exhibited a half-life of 6.6 h in MeCN, whereas, it was 8.8 h and 3.9
d in water and DMSO, respectively. Presumably, the solvation of such species or polar
transition states play a significant role in the observed trends. '

Although  N-methyl phenylazo-3,5-dimethylpyrazole and  phenylazo-3,5-
dimethylisoxazole have been reported to be stable photoswitches with long half-lives for Z-
isomers,>©2?¢ upon generating the corresponding pyridinium derivatives showed contrasting
behavior with a wider range of half-lives from seconds to hours. The shorter half-life in
pyrazole derivatives of HAPIPs can be attributed to the relatively electron rich N-
methylpyrazole ring and electron deficient pyridinium ring that makes a pseudo push-pull type
azophotoswitch. The stability of the Z-isomer further enhanced upon replacing 3,5-dimethyl
group with 3,5-diphenyl, which can be attributed to a 7t-n interaction between the phenyl group

and pyridinium moiety.

3A.4 Experimental section

(E)-3-(pyridin-3-yldiazenyl)pentane-2,4-dione, 1a were prepared according to a procedure
reported in literatures.'?

(E)-3-(pyridin-4-yldiazenyl)pentane-2,4-dione, 1b were prepared according to a procedure
reported in literatures.'?

(E)-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)pyridine, pyr-m  were  prepared

according to a procedure reported in literatures.'?
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(E)-3,5-dimethyl-4-(pyridin-3-yldiazenyl)isoxazole, iso-m were prepared according to a
procedure reported in literature.?

3A.3.1. General procedure for the synthesis of ph-pyr-m or ph-iso-m

o o Nex
7
NH,  HCI+ Ph)j\(lj\"h NH,NHMe.H,SO, Ph’\’)‘Ph X = NMe, O
NaNO,, 0 °C Nen or NH,OH.HCI N.
I ~ = — *N
2N o o Y EtOH, 80 °C @
N
N
A, )
te ph-pyr-m
or
ph-iso-m

3A.3.2. General procedure for the synthesis of pyr-m-C1-1, ph-pyr-m-C1-1, ph-iso-m-
C1-1

N=X N=X i X=NMe, O
1 7 \
R1’K?‘R1 R1/K?\R1 | Ry =CHs, Ph,
1 — -
¢'N R2Y ¢'N Il R—CHs,Y—I
CH4CN, 50 °C, 3-5 h
2 h 3 7 h Y@
A >N,
CH,
pyr-m or

ph-pyr-m or ph-iso-m

To a solution of pyr-m (1.0 mmol, 1 eq.) in 10 ml dry acetonitrile in RB flask, the
corresponding alkyl bromide or iodide (2.0 mmol, 2 eq.) was added. The mixture was stirred
at 80 °C for 3-5 h. After checking TLC for completion of the reaction, it was stopped and
cooled down to room temperature. To the reaction mixture diethyl ether was added to generate
a crude solid product, which was filtered, washed with excess ether and dried to yield the
desired product.

3A.3.3. Synthesis of pyr-m-C1-MeSO4 and pyr-m-C18-Br or pyr-p-C1-I

N=X N=X
1 / Z
Ph/Me= N\ ~Me/Ph PhiMe Me/Ph
Me.SO N X = NMe, O
<N e ‘e
No 2 4 N
CH.CN, 50 °C, 1 h ©
| N 3 @ MeSO,
SN
Z N @~CH3

pyr-m or iso-m
ph-pyr-m or ph-iso-m

To a solution of pyr-m or iso-m or ph-pyr-m or ph-iso-m (1.0 mmol, 1 eq.) in 10

ml dry acetonitrile in a RB flask, dimethyl sulphate or diethyl sulphate (2.0 mmol, 2 eq.) was
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Table 3A.1. UV-Vis absorption spectroscopic data, PSS compositions and kinetics data in DMSO, MeCN and H,0

UV-Vis absorption data

PSS composition

Kinetics data

Amax in nm UV-Vis spectroscopic data UV-Vis spectroscopic data
=)
Compound § E-isomer Z-isomer
= E-Z Z-E Conc. k, (x 102)
< -t Nh-NT - N7 ti2
(%E:%2) (%E:%2) (uMm) st
* * * *
DMSO 358 a 355 435 52:48 b 8.7 3.9+0.01 18s
1 pyr-m-C1-I MeCN 358 a 358 - 93:07 b 6.3 13.9+0.01 5s
H20 352 a 323 433 35:65 b 4.4 1.5+0.08 47 s
DMSO 358 a 320 441 22:78 b 32.2 2.9+£0.03 23s
2 pyr-m-C1-MeSOs4 MeCN 357 a 357 - 98:02 b 21.9 15.5+1.2 4s
H20 355 a 315 435 25:75 b 10.1 1.9+0.001 37s
DMSO 325 430 295 420 33:67 66:34 40.2 0.2 +£0.0003¢ 6.7 h
3 iso-m-C1-MeSO4 MeCN 325 - 305 430 32:68 63:37 50.6 1.2 +0.006¢ 57 min
H20 320 420 305 420 33:67 37:63 38.3 0.5 + 0.0007 ¢ 2.3 h
DMSO 327 412 300 427 27:73 68:32 39.3 0.3 £0.0003 43 h
4 iso-m-C2-EtSOa4 MeCN 325 - 305 - 46:54 33:67 30.6 0.7+ 0.004 ¢ 1.5h
H20 320 420 305 420 45:55 48:52 43.2 0.5 +0.003¢ 2.6 h
DMSO 365 - - 444 32:68 62:38 61.8 0.4¢ 2.7 he
5 ph-pyr-m-C1-MeSOa4 MeCN 365 - 338 444 32:68 65:35 64.6 1.0 £ 0.0008 ¢ 71 min
H20 355 - - 434 36:64 59:31 86.8 0.1¢ 9.8 h¢
DMSO 365 - - 445 33:67 59:41 61.5 0.4¢ 3.1 he
6 ph-pyr-m-C1-I|
MeCN 365 - 345 445 32:68 59:41 55.3 0.6¢ 1.9 he
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H20 355 - 327 440 33:67 59:41 59.9 0.08¢ 14.9 h¢
DMSO 360 - - 435 44:56 50:50 142.1 0.004¢ 13.3 d¢
7 ph-iso-m-C1-MeSOa MeCN 360 - 345 445 30:70 64:36 45.1 0.03¢ 1.9d¢
H20 355 = 327 443 43:57 51:49 446.9 0.008 ¢ 6.4 d°
DMSO 360 - - 435 40:60 59:41 37.9 0.01¢ 3.9d¢
8 ph-iso-m-C1-I MeCN 360 - 345 445 39:61 56:44 37.1 0.2 +£0.0008¢ 6.6 h
H20 355 = 327 443 33:67 59:41 25.9 0.1¢ 1.8d¢

an—n* and n—n* are overlapping; due to fast Z-E thermal relaxation, light induced reverse isomerization could not be per-formed; ‘forward E-Z
photoisomerization was not detected possibly due to fast reverse isomerization. ¢ Rate constant in 10 min™'.°Rate constant at 25 °C
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added. The mixture was stirred at 50 °C for 1 h. After checking TLC for completion of the
reaction, it was stopped and cooled down to room temperature. To the mixture diethyl ether
was added to generate a crude solid product, which was filtered, washed with excess ether and

dried to yield the desired product.

(E)-1-methyl-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)pyridin-1-ium iodide, pyr-m-
C1-1, 98%, yellow solid, mp = 256-258 °C

'H NMR (400 MHz, DMSO-ds) § 9.44 (s, 1H), (b, 8.97 (d, J = 8 Hz, 1H), 8.79-8.77 (m, 1H),
8.20 (dd, J =4 Hz, J =8 Hz, 1H), 4.44 (s, 3H), 3.79 (s, 3H), 2.63 (s, 3H), 2.42 (s, 3H) ppm;
13C NMR (100 MHz, CDCl3) § 151.6, 144.7, 143.1, 141.4, 140.9, 135.3, 134.5, 128.2, 48.2,
36.4, 14.0, 9.7 ppm; HRMS-ESI: m/z C16H2:Ns [M+H]" calc. 230.1400, obs. 230.1411, m/z |
[M] calc. 126.9050, obs. 126.9028; IR (KBr, cm™) 766, 950, 1274, 1419, 1480, 1613, 2819,
2852, 2936.

(E)-1-methyl-3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)pyridin-1-ium methyl
sulfate, pyz-m-C1-MeSOs4, 92%, brown solid, mp = 135-137 °C

'H NMR (400 MHz, CDCl3) $ 9.17 (d, J = 5.7 Hz, 1H), 9.13 (s, 1H), 8.62 (d, J = 8.3 Hz, 1H),
8.12 (t, J = 7.0 Hz, 1H), 4.68 (s, 3H), 3.80 (s, 3H), 3.66 (s, 3H), 2.62 (s, 3H), 2.46 (s, 3H)
ppm; 1°C NMR (100 MHz, CDCl3) § 151.8, 145.42, 145.16, 139.99, 139.97, 136.3, 135.3,
128.7, 54.5, 49.4, 36.5, 14.4, 10.4 ppm; HRMS-ESI: m/z C16H21Ns [M+H]" calc. 468.4061,
obs. 468.4079. m/z CH304S [M] calc. 126.9050, obs. 126.9028; IR (KBr, cm™) 769, 950,
1260, 1419, 1480, 1630, 2819, 2852, 2934.
(E)-3-((3,5-dimethylisoxazol-4-yl)diazenyl)-1-methylpyridin-1-ium methyl sulfate, iso-
m-C1-MeSOs4, 79%, redish-brown solid, mp =121 °C

'H NMR (400 MHz, CD30D) § 9.48 (s, 1H), 8.98 (s, 1H), 8.91 (d, J = 8.4 Hz 1H), 8.22 (t, J
= 8.6 Hz, 1H), 4.54 (s, 3H), 3.68 (s, 3H), 2.86 (s, 3H), 2.55 (s, 2H) ppm; *C NMR (100 MHz,
CD30D) 6 176.0, 154.2, 152.0, 147.2, 143.2, 136.7, 134.4, 129.6, 55.1, 12.2, 11.7 ppm;
HRMS-ESI: m/z C16H2:Ns [M+H]" calc. . 217.1084, obs. 217.1087. m/z CH304S [M] calc.
110.9752, obs. 110.9745; IR (KBr, cm™) 775, 950, 1274, 1419, 1480, 1622, 2819, 2852, 2936.
(E)-3-((3,5-dimethylisoxazol-4-yl)diazenyl)-1-ethylpyridin-1-ium ethyl sulfate, iso-m-
C2-EtSO4, 92%, reddish orange sticky liquid

'H NMR (400 MHz, CDCls3) § 9.39-9.36 (m, 2H), 8.69 (d, J = 8.0 Hz, 1H), 8.26 (dd, J = 8.0
Hz, J = 4.0 Hz, 1H), 5.01 (q, J = 8.0 Hz, 2H), 4.02 (q, J = 8.0 Hz, 2H), 2.84 (s, 3H), 2.52 (s,
3H), 1.75 (t, J = 8.0 Hz, 3H), 1.22 (t, J = 8.0 Hz, 3H) ppm; 3*C NMR (100 MHz, CDCls) &
174.7, 153.1, 150.8, 146.0, 140.2, 135.5, 133.6, 129.4, 63.5, 58.4 17.2, 15.3, 12.25, 12.23
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ppm; HRMS-ESI: m/z C16H21Ns [M+H]" calc. 231.1240, obs. 231.1237. m/z C2Hs04S [M]
calc. 124.9909, obs. 124.9993; IR (KBr, cm™) 770, 954, 1270, 1419, 1480, 1623, 2819, 2852,
3036.

(E)-1-methyl-3-((1-methyl-3,5-diphenyl-1H-pyrazol-4-yl)diazenyl)pyridin-1-ium methyl
sulfate, ph-pyr-m-C1-MeSOs4, 91%, m.p. = 110-112 °C

'H NMR (400 MHz, DMSO-ds) & 9.07 (s, 1H), 8.96 (d, J = 6.0 Hz, 1H), 8.43 (d, J = 8.6 Hz,
1H) 8.18-8.15 (m, 1H), 7.96-7.94 (m, 2H), 7.68-7.65 (m, 2H), 7.62-7.6 (m, 3H), 7.53-7.48 (m,
3H), 4.39 (s, 3H), 3.88 (s, 3H) ppm; 3C NMR (100 MHz, DMSO-dg) § 155.9, 149.3, 147.6,
147.0, 145.3, 142.6, 134.8, 132.6, 131.0, 130.5, 130.3, 129.6, 129.5, 129.0, 128.6, 128.5,
128.3, 127.5, 125.6, 48.43, 48.40 ppm; HRMS-ESI: m/z C22H20Ns [M]* calc. 354.1713, obs.
354.1705. m/z CH304S [M] calc. 110.9752, obs. 110.9745; IR (KBr, cm™) 620, 834, 1103,
1222, 1385, 1464, 1636, 2846, 2921, 3023, 3449.
(E)-1-methyl-3-((1-methyl-3,5-diphenyl-1H-pyrazol-4-yl)diazenyl)pyridin-1-ium lodide,
ph-pyr-m-C1-1, 97%, m.p. = 130-132 °C

'H NMR (400 MHz, DMSO-ds) 6 9.06 (s, 1H), 8.95 (d, J = 5.9 Hz, 1H), 8.43 (d, J = 8.3 1H),
8.17-8.14 (m, 1H), 7.95-7.93 (m, 2H), 7.67-7.65 (m, 2H), 7.59-7.57 (m, 3H), 7.53-7.46 (m,
3H), 4.38 (s, 3H), 3.87 (s, 3H); 1*C NMR (100 MHz, DMSO-ds) & 150.1, 146.5, 145.5, 141.7,
139.8, 134.2, 134.0, 131.7, 130.4, 129.8, 128.9, 128.6, 128.4, 128.3, 127.9, 48.3, 38.0 ppm;
HRMS-ESI: m/z C22H20Ns [M]* calc. 354.1713, obs. 354.1707, m/z | [M] calc. 126.9050,
obs. 126.9028; IR (KBr, cm™) 626, 834, 1101, 1225, 1387, 1469, 1639, 2847, 2921, 3028,
3449.

(E)-3-((3,5-diphenylisoxazol-4-yl)diazenyl)-1-methylpyridin-1-ium methyl sulfate, ph-
i50-m-C1-MeSQs4, 95%, m.p. = 172-174 °C

'H NMR (400 MHz, DMSO-ds) 6 9.30 (s, 1H), 9.10 (d, J = 5.6 Hz, 1H), 8.68 (d, J = 8.1 Hz,
1H), 8.28-8.21 (m, 3H), 7.75-7.68 (m, 5H), 7.58-7.52 (m, 3H), 4.46 (s, 3H) ppm; *C NMR
(100 MHz, DMSO-ds) 6 169.3, 155.8, 149.4, 147.0, 142.6, 134.8, 132.6, 131.0, 130.5, 129.6,
129.5, 129.0, 128.6, 128.3, 127.5, 125.6, 48.43 ppm; HRMS-ESI: m/z C21H17NsO [M]* calc.
341.1397, obs. 341.1395, m/z CH304S [M] calc. 110.9752, obs. 110.9745.; IR (KBr, cm™)
629, 824, 1109, 1232, 1385, 1469, 1639, 2846, 2921, 3028, 3443.
(E)-3-((3,5-diphenylisoxazol-4-yl)diazenyl)-1-methylpyridin-1-ium lodide, ph-iso-m-C1-
I, 98%, m.p. = 230-232 °C

'H NMR (400 MHz, DMSO-ds) 6 9.32 (s, 1H), 9.10 (d, J = 5.8 Hz, 1H), 8.70 (d, J = 8.4 Hz,
1H), 8.30-8.23 (m, 3H), 7.76-7.68 (m, 5H), 7.61-7.53 (m, 3H), 4.63 (s, 3H) ppm; 3C NMR
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(100 MHz, DMSO-ds) 6 169.2, 155.8, 149.3, 146.8, 142.5, 134.8, 132.6, 131.0, 130.4, 129.5,
129.4, 128.9, 128.5, 127.4, 125.5, 48.42 ppm; HRMS-ESI: m/z Cy1H17NsO [M]" calc.
341.1397, obs. 341.1395. m/z | [M] calc. 126.9050, obs. 126.9028.; IR (KBr, cm™) 620, 838,
1123, 1242, 1387, 1468, 1635, 2816, 2941, 3026, 3449.
(E)-1,3-diphenyl-2-(pyridin-3-yldiazenyl)propane-1,3-dione, 1c, 70%, m.p. = 125-127 °C
'H NMR (400 MHz, CDCl3) & 13.33 (s, 1H), 8.58 (d, J = 2.5 Hz, 1H), 8.37 (dd, J = 4.7 Hz, J
= 1.2 Hz, 1H), 8.10-8.07 (m, 2H), 7.69-7.63 (m, 3H), 7.59-7.51 (m, 4H), 7.42-7.38 (m, 2H),
8.28 (dd, J = 8.3 Hz, J = 4.7 Hz, 1H); *C NMR (100 MHz, CDCl3) § 192.9, 191.2, 145.9,
138.4, 138.2, 137.6, 136.6, 135.4, 133.2, 133.1. 130.7, 128.6, 128.51, 128.46, 124.2, 122.6
ppm; HRMS-ESI: m/z C2oH16N3O [M+H]* calc. 330.1243, obs. 330.1225; IR (KBr, cm™) 627,
833, 1103, 1222, 1388, 1467, 1636, 2845, 2921, 3028, 3449.
(E)-3-((1-methyl-3,5-diphenyl-1H-pyrazol-4-yl)diazenyl)pyridine, ph-pyr-m, 75% m.p. =
155-157 °C

'H NMR (400 MHz, CDCl3) & 8.73 (d, J = 2.0 Hz, 1H), 8.55 (dd, J = 4.7 Hz, J = 1.5 Hz, 1H),
8.02-7.99 (m, 2H) 7.82-7.79 (m, 1H), 7.52-7.40 (m, 8H), 7.30 (ddd, J = 8.2 Hz, J = 4.7 Hz, J
= 0.5 Hz, 1H), 3.86 (s, 3H)ppm; *C NMR (100 MHz, CDCl3) § 150.7, 148.3, 147.7, 146.8,
137.7,134.8,132.5,130.4,129.4,129.1, 128.6, 128.5, 128.3, 126.5, 123.9, 37.7 ppm; HRMS-
ESI: m/z Cz1H1sNs [M+H]" calc. 340.1562, obs. 340.1543.; IR (KBr, cm™) 620, 834, 1103,
1222, 1385, 1464, 1638, 2857, 2925, 3023, 3450.
(E)-3,5-diphenyl-4-(pyridin-3-yldiazenyl)isoxazole, ph-iso-m, 68%, m.p. = 139-141 °C
'H NMR (400 MHz, CDCls) § 8.73 (d, J = 2.0 Hz, 1H), 8.35 (dd, J = 4.8 Hz, J = 1.6 Hz, 1H),
7.92-7.88 (m, 2H) 7.65-7.61 (m, 1H), 7.41-7.39 (m, 2H), 7.26-7.24 (m, 2H), 7.20-7.08 (m,
5H) ppm; 3C NMR (100 MHz, CDCl3) § 167.7, 156.7, 151.9, 147.9, 146.7, 131.6, 131.5,
129.0, 128.7,128.1, 127.0, 124.1 ppm; HRMS-ESI: m/z Ca0H1sN4O [M+H]* calc. . 327.1246,
obs. 327.1227.; IR (KBr, cm™) 610, 874, 1109, 1226, 1388, 1464, 1639, 2846, 2931, 3028,
3448.

3A.5 Conclusions

In summary, we have synthesized 8 heteroaryl azopyridinium-based HAPIPs in
high yields. Variation in heterocycles (pyrazole vs isoxazole moiety), changing position of
azopyridinium nitrogen relative to azo group (3- vs 4-), alteration in alkyl chain lengths
connected at the pyridinium center, and counter ion exchanges (I, Br, MeSO4", BF4, PF¢’,

and EtSOy4’) and variation in the substitution at heterocycle (3,5-dimethyl vs 3,5-diphenyl
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substitution) have been investigated in detail.}* Through this study, we found (a) the
remarkable effect of isoxazole moiety in the stability of Z-isomers of 3-azopyridinium
systems; (b) tunability in rate of thermal relaxations between seconds and days by means of
changing solvent, counterions, heterocycle unit and its substitution; (c) More importantly,
efficient and bidirectional photoswitching in water (Figure 3A.1). All these results are quite
valuable in the exploration of azoaheteroarene based systems for various applications

pertaining aqueous media.
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Figure 3A.3. Summary of HAPIPs.
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Appendix 3A
3A.1. Analysis of photoswitching and thermal stability using UV-Vis spectroscopy
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Figure 3A.1. Photoswitching behavior of pyr-m-C1-1. Forward photoisomerization of pyr-
m-C1-1 in (a) MeCN (6.3 uM); (b) DMSO (8.7 uM), and (c) H20 (4.4 uM); Thermal reverse
isomerization kinetics at rt (d) in MeCN (monitored at A= 358 nm, 7.1 uM), (e) in DMSO
(monitored at A= 358 nm, 9.6 uM), and (f) in H2O (monitored at A= 352 nm, 4.4 uM). (The
first order rate constants have been estimated using an exponential fit).
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Figure 3A.2. Photoswitching behavior of iso-m-C1-MeSOa. Reversible photoisomerization
of is0-m-C1-MeSOu4 in (a) MeCN (50.6 uM); (b) in DMSO (40.2 uM), and (c) in H20 (38.3
uM) at the indicated wavelengths; Thermal reverse isomerization kinetics at rt in (d) MeCN
(monitored at A = 325 nm, 50.6 uM), (¢) DMSO (monitored at A = 325 nm, 96.5 uM), and (f)
H20 (monitored at A = 320 nm, 38.3 uM). (The first order rate constants have been estimated
using an exponential fit).
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Figure 3A.7. Thermal reverse isomerization kinetics of ph-pyr-m-C1-MeSOQOs in H20 (86.8
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Erying plot extrapolated to 25 °C.
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Figure 3A.10. Thermal reverse isomerization kinetics of ph-pyr-m-C1-MeSO4 in DMSO
(61.5 uM) (a) 65 °C (b) Erying plot and (c) Erying plot extrapolated to 25 °C.
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Figure 3A.11. Thermal reverse isomerization kinetics of ph-pyr-m-C1-MeSO4 in H>O (59.9
uM) (a), (b), (c), and (d) at 55 °C, 60 °C, and 65 °C, and 70 °C respectively, (d) Erying plot
and (e) Erying plot extrapolated to 25 °C.
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Figure 3A.12. Photoswitching behavior of ph-iso-m-C1-MeSOs4.  Reversible
photoisomerization of ph-iso-m-C1-MeSOs in (a) MeCN (61.6 uM); (b) DMSO (133.0 uM),
and (c) H20 (414.7 uM); (d) Cyclic experiment in H2O (monitored at A = 355 nm, 339.6 uM).
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Figure 3A.13. Thermal reverse isomerization kinetics of ph-iso-m-C1-MeSOs in MeCN
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Figure 3A.14. Thermal reverse isomerization kinetics

of ph-iso-m-C1-MeSO4 in DMSO

(142.1 uM) (a), (b), (c), and (d) at 80 °C, 85°C, 90 °C, and 95 °C respectively, (d) Erying plot

and (e) Erying plot extrapolated to 25 °C.
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Figure 3A.15. Thermal reverse isomerization kinetics of ph-iso-m-C1-MeSOa4 in H20 (446.9
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Figure 3A.16. Photoswitching behavior of ph-iso-m-C1-1. Reversible photoisomerization of
ph-iso-m-C1-1 in (a) MeCN (30.6 uM); (b) DMSO (39.8 uM), and (c) H20 (29.6 uM); (d)
Cyclic experiment in H2O (monitored at A = 355 nm, 55.2 uM).
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Figure 3A.17. Thermal reverse isomerization Kinetics of ph-iso-m-C1-1 in (a) MeCN (37.1
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Figure 3A.18. Thermal reverse isomerization kinetics of ph-iso-m-C1-1 in DMSO (37.9 uM)
(a) at 75 °C, (b) 80 °C; (c) Erying plot, and (d) Erying plot extrapolated to 25 °C.
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Figure 3A.19. Thermal reverse isomerization kinetics of ph-iso-m-C1-1 in H20 (25.9 uM)
(a)60 °C, (b) 65 °C, (c) 70 °C,and (d) at 75 °C.
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Figure 3A.20. Thermal reverse isomerization kinetics of ph-iso-m-C1-1 in H2O (25.9 uM)
(@) 80 °C, (b) 85 °C; (c) Erying plot, and (d) Erying plot extrapolated to 25 °C.
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Figure 3A.22. Photoswitching behavior and thermal reverse isomerization kinetics of ph-iso
in DMSO (a) reversible photoisomerization; thermal reverse kinetics at (a) 80 °C, (b) 85°C
(c) 90°C, and (d) 95°C; (e) Erying plot, and (f) Erying plot extrapolated to 25 °C.
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3A.2. Quantification of photoisomers using *H NMR spectroscopy
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3A.2.1. Quantification of photoisomers of iso-m-C1-MeSOs by *H NMR (2.2 mM, DMSO-

ds); (a) before irradiation, (b) forward E-Z isomerization at 365 nm,
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at 490 nm.
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3A.4. Compound characterization (*H and *C{*H}-NMR) data
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Part B

Arylazopyrazolium ionic photoswitches (AAPIPS)

3B.1 Introduction

Azoarenes are intriguing class of photoswitches exhibiting light modulated
bistability.! Designing new derivatives with improved performance is one of the recent areas
of research due to the increasing demand for photoswitchable molecules in widespread
applications.>® Particularly, the advent of azoheteroarenes and their role in
photopharmocology tremendously widens their scope. Likewise, it also necessitates to strike
a balance between photoswitching ability and medicinal effects.* Introducing
photoresponsiveness to the existing drug molecules, and exploring the photoswitches
decorated with suitable drug-like moieties are the most profoundly adopted strategies to gain
light controlled therapeutic effects.>® Considering the importance of structural features of
drugs and their influence in pharmacokinetics and pharmacodynamics, the following
characteristics are essential in the utilization of azoheteroarenes in this domain: (a) robust and
bidirectional photoswitching, (b) long life-time in hours to days at physiological temperature
of the photoswitched state, (c) tolerance to the substituents exhibiting pharmacological effects
towards photoswitching, (d) stability of photoswitched states in a wide range of pH, and more
importantly, (e) water solubility and balanced lipophilicity, and (f) differential
pharmacological effects of the E- and Z-isomers.

Many of these characteristics have been separately addressed by different research
groups. Among them, the introduction of azopyrazoles with excellent bidirectional
photoswitching, and long-lived Z-isomers by Fuchter and co-workers (Scheme 3B.1) are an
important milestone (Scheme 3B.1).”Since then, several heteroacyclic-based azoarenes have
been reported with various properties and utilities.2 However, the number of azoheteroarenes
exhibiting photoswitching in aqueous conditions is limited (Scheme 3B.1).° Herges and co-
workers introduced bridged diazocines showing remarkable photoswitching in water (Scheme
3B.1).1° Recently, the utility of azo(hetero)arenes with specific substitutions undergoing
photoswitching in buffer solutions was reported by Woolley’s and Samanta’s groups.'

However, such approaches mandate the presence of organic co-solvent. Incorporation
of PEG to the photoswitches can also bring light responsiveness in aqueous solution.*? The
groups of Klajn, Ramamurthy and Ravoo have successfully demonstated photoswitching of

azo compounds in water by means of utilizing molecular containers or capsules.%?13
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Scheme 3B.1. Azoheteroarene and water soluble photoswitches.

Despite the presence of such varied approaches, one of the most profoundly attempted
strategies is to introduce groups that can impart ionic character to the photoswitches to
increase water solubility. In this regard, simple azobenzenes have been functionalized with
imidazolium, and piperidinium groups and derivatized into ionic photoswitches. However,
their photoswitching abilities in water were found to be moderate.!* Likewise, the direct
quaternization of azopyridines has been explored by Ogate and co-workers (Scheme 3B.1).1°
Apparently, such approach led to fast thermal relaxation of their Z-isomers, which was also
demonstrated by Valesco and co-workers (Scheme 3B.1).1® Similarly, Kawai and co-workers
have made azoimidazolium salts that exhibited Z-isomer half-life in the order of seconds to
minutes (Scheme 3B.1).7 In a recent study, Gorostiza and co-workers have reported an

azoimidazolium ionic compound as adrenoswitch with Z-isomer’s half-life of 37 min at rt
under physiological pH.8

Motivated by these reports, we decided to develop ionic photoswitches that can fulfil

the criteria mentioned previously. To achieve this, we envisioned to quaternize the five-
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membered pyrazole ring of the azopyrazole photoswitches having different electronic
substitution (R; and Rz) and to vary their lipophilic character (R3). The resulting
arylazopyrazolium ionic photoswitches (AAPIPs) not only showed exceptional
photoswitching but also exhibited very slow thermal relaxation of Z-isomers in water. To gain
the structure-property relationship, the effect of solvents, counter ions, substitutions,
concentration, pH and glutathione have been studied. Herein, we report a systematic

investigation of these new class of ionic and water soluble photoswitches.

3B.2 Synthesis

To access the target arylazopyrazolium ionic photoswitches (AAPIPs), several
attempts have been made with different alkylation reagents and conditions. The desired ionic
photoswitch 1-C1-MeSO4 was obtained in excellent yields when the corresponding N-methy|-
phenylazo-3,5-dimethylpyrazole 1-C1 was treated with dimethyl sulfate in dry MeCN under
reflux conditions. Taking advantage of this method, many other AAPIPs with methyl sulphate
as a counter ion 1-24-Cn-MeSOa4 have been synthesized (Scheme 3B.2). In this regard, the
corresponding arylazopyrazoles 1-24-Cn have been accessed through KoCOs mediated N-
alkylation strategy, for which the N-H azopyrazoles 1-24 were synthesized using the literature
methods.®" For chloride ion exchange, the AAPIPs were treated with the Amberlite® ion
exchange resin, whereas other counter ions have been introduced by exchanging chloride ions
with sodium or ammonium salts of the desired anions.*® All the target molecules have been

characterized by H, $3C, HRMS, IR and UV-Vis spectroscopic techniques.

3B.3 Photophysical studies

The photophysical properties of the ionic photoswitches were evaluated in water and
DMSO primarily using UV-vis spectroscopy (Table 3B.1 and Appendix 3B). After screening
and standardization of conditions, experiments were also conducted and analyzed using *H-
NMR spectroscopy. All the AAPIPs reported in this manuscript exhibit a strong absorption
band between 315 and 350 nm (z—=*), and a weak band at 420-450 (n—=*) in water (Table
3B.1). A representative absorption spectral data of (E)-1-C1-MeSOQs is depicted (Figure
3B.1). The n—=* band of all these AAPIPs showed a slight bathochromic shift (5-10 nm) in
DMSO in comparison to water because the excited state is more stabilized than the ground
state.? More importantly, the absorption maxima of n—n* and n—r* bands are independent of
variation in the alkyl chain at pyrazolium nitrogen (Rs, the group rendering lipophilic
character) or the counter ions; whereas the substitution at 3,5 positions of the pyrazolium unit
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Scheme 3B.2. Synthesis of the target ionic photoswitches (AAPIPs) and generalized
numbering scheme. Crystal structures depict the AAPIPs, 24-C1-MeSOs (top) and 1-C1-
BPh4 (bottom).

(R2) and/or at the phenyl ring (R1) showed a significant influence depicting the impact of
electronic and steric factors. Especially, the 4-methoxy derivative 11-C10-MeSOa4 showed a
maximum bathochromic shift in the n—r* band upto 345 nm (Table 3B.4). Upon subjecting
to UV irradiation, majority of the targets showed excellent E-Z photoisomerization (near
gquantitative conversion based on *H-NMR data) involving isosbestic points in UV-vis spectra
(Table 3B.4). The only exception is ortho nitro derivative 18-C10-MeSQOa, which could
possibly undergo fast thermal reverse Z-E isomerization. In general, a moderate to excellent
conversion (49-89%) was achieved for the reverse Z-E photoisomerization by irradiating the
solution at a wavelength corresponding to the n—r* band of the Z-isomer (Table 3B.4). The
moderate conversion in the reverse Z-E photoisomerization of certain AAPIPs is attributed to
the overlapping nature of absorption features of both E- and Z-isomers. However, several
derivatives including 4-methoxy (11-C10-MeSOs) were found to exhibit excellent
bidirectional photoswitching in water with an isomerization conversion above 90% in forward
and >75% in the reverse directions. Particularly, for electron donating substituted derivatives
absorbing at longer wavelengths the non-overlapping part of n—=* band between Z- and E-

isomers (at 490 nm light) allowed maximal Z-E photoisomerization.
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Figure 3B.1. Photoisomerization and thermal reverse isomerization kinetics in 1-C1-MeSOa,.
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Thermal reverse isomerization kinetics and its exponential fit for the formation of E-isomer
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Table 3B.1. Quantum yield calculation of forward photoisomerization of derivatives of 1-C1-
MeSQs, 21-C1-MeSOg, and 23-C1-MeSO4 in MeCN.

Compound Wavelength Extinction Rate Power Photon Quan
(nm) coefficient, & | kinetics (104 Flux (100 | tum
(L*mol*em- | (10¥) s? 10y yield
Y
340 10915 + 187 3.48 1.99 5.69 0.24
340 10915 + 187 4.34 2.53 7.23 0.24
1-C1-MeSOq4 340 10915 + 187 4.89 2.48 7.09 0.28
355 1887 + 43 131 1.54 4.60 0.67
355 1887 + 43 0.98 1.74 5.20 0.43
355 1887 + 43 1.89 2.53 7.00 0.62
340 7936 + 71 3.18 2.67 7.61 0.23
340 7936 + 71 3.40 2.67 7.61 0.24
21-C1- 340 7936 + 71 3.62 2.67 7.63 0.26
MeSO4 355 1047 £ 75 0.72 1.86 5.53 0.55
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355 1047 + 75 1.09 1.94 5.77 0.78
355 1047 £ 75 0.83 1.90 5.67 0.60
355 6498 + 180 2.56 1.96 5.85 0.65
355 6498 + 180 2.25 1.59 4.73 0.65
23-C1- 355 6498 + 180 2.55 1.66 4.95 0.65
MeSO4 365 2024 + 57 1.50 2.64 8.09 0.40
365 2024 + 57 1.83 3.41 10.46 0.38
365 2024 + 57 2.39 3.41 10.46 0.49

For 1-C1-MeSOg, the forward E-Z photoisomerization quantum yield in MeCN was 0.25 +
0.02 at 340 nm and 0.57 + 0.13 at 355 nm. Similarly, the quantum yields of derivatives 9-C1-
MeSOq4, and 11-C1-MeSOa4 were also determined (see Table 3B.1). For 9-C1-MeSOs, and
11-C1-MeSO4 the quantum yields were 0.24 = 0.06 and 0.42 + 0.06 at 340 nm, respectively.
Meanwhile at 355 nm, the values were found to be 0.64 + 0.1 and 0.65 + 0.00), respectively.
Such high photoswitching stability and moderate quantum yields are comparable to the

aryazopyrazoles.®

Thermal reverse isomerization kinetics and Z-isomer stability

Bidirectional photoswitching is crucial for many practical applications of the
photoswitches, which depends mainly on the thermal lifetime of the Z-isomers. In applications
related to the photopharmocolgy, such bidirectional photoswitching in aqueous conditions is
highly desirable. However, water as a medium can inhibit the photoswitching and induce fast
thermal Z-E relaxation.”®" Taking advantages of their ionic nature and high solubility, we
explored the thermal reverse Z-E isomerization behavior of the AAPIPs in water. In this
regard, the kinetics studies were performed for 1-C1-MeSOs in aqueous conditions with and
without buffer medium (pH = 2-13) and followed by UV-vis spectroscopy. Except the three
nitro derivatives 18-C10-MeSOg, and 20-C10-MeSOs4, almost all AAPIPs were found to have
slow rate of thermal reverse Z-E isomerization (Table 3B.3). Hence, a few selected derivatives
were subjected to kinetics studies in water at 80 °C. For instance, the pyrazolium derivative
1-C1-MeSOs4 showed a half-life of 224 min at 80 °C. Similar experiments were performed
also in DMSO. Surprisingly, the half-life has dropped by a factor of three to 84 min. Such
lowering in the half-life was consistent for the other derivatives except the derivative with Cisg
alkyl chain 1-C18-MeSOa.
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Extrapolation of Arrhenius plot for 1-C1-MeSO4 in DMSO to room temperature (298 K).

Similar experiments were performed also in DMSO. Surprisingly, the half-life has dropped
by a factor of three to 84 min. Such lowering in the half-life was consistent for the other

derivatives except the derivative with Cyg alkyl chain 1-C18-MeSOa.
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Table 3B.2. Activation parameters deduced from the variable temperature kinetics studies,

Arrhenius and Eyring plots

S. Compound E. AH* (k)/mol) | AS* AG* k?
No. (kJ/mol) (J/K mol) (kJ/mol) (s7Y)
1. 1-C1-MeSOq 101.2+ 3.0 98.2+3 -41.6 £8.2 110.6 £5.4 1.4 x 107
2. 1-C10-MeSOq4 104.1+4.7 101.1+47 -35.4+£12.8 1116 +85 1.3x 107
3. 1-C12-MeSOq4 1109+1.6 108.1+1.7 -16.2+4.7 1129+ 3.1 1.2 x 107
4, 2-C10-MeSOq4 116.3+1.3 113.3+1.3 -12.4 £ 3.6 117.0x24 1.4 x 108
5. 22-C1-MeSOq4 96.2+3.8 93.1+£3.8 -51.1+£10.5 108.3+6.9 3.2x 107
6. 23-C1-MeSOq4 104.9+3.1 101.9+3.1 -32.0x85 1114 +5.6 1.4 x 107

®The rate constants (k) at room temperature (25 °C) were estimated based on extrapolation.

Table 3B.3. Rate constants of azopyrazolium derivatives in water (at 80 °C) and DMSO (at

90 °C)

Rate constant (s1) Rate constant (s)
S.No. Compound R1 in water in DMSO
1. 1-C1-MeSOq4 H 5.1x10%+5.2x 107 3.8x10*+4.8x 107
2. 1-C2-MeSOq4 H 59x10%+2.9x10° 3.5x10*+5.1x 107
3. 1-C4-MeSOq4 H 47x10%+15x10° 3.3x10*+7.8x 107
4, 1-C6-MeSOq H 3.6x10%+9.0x107 3.2x10%+15x10°
5. 1-C8-MeSO4 H 9.8x10%+4.0x107 3.2x10%+1.7x 10"
6. 1-C10-MeSOq4 H 5.0x10%+5.0x10°® 29x10*+1.7x10°
7. 1-C12-MeSOq4 H 3.2x10%+2.3x10% 3.1x10*+7.2x 107
8. 1-C18-MeSOq4 H 40x10%+2.2x10° 3.1x10*+1.6x10°
9. 1-C1-BF. H insoluble 34x10%+2.4x10°
10. | 1-C1-PFs H insoluble 43%x10%+1.7x 10
11. | 1-C1-BPhs4 H insoluble 41x10%+2.9x107
12. | 1-C1-SCN H 5.8x10°+6.9x 108 3.9x10*+25x10°
13. | 1-C1-CI H 58x10%+1.1x10° 3.7x10*+1.2x 107
14. | 2-C1-MeSOq4 2,6-diF - 9.1x10%+1.6x 107
15. | 3-C1-MeSOq4 2-F - 2.6x10*+6.8x107
16. | 4-C1-MeSOq4 3-F - 43x10%+15x10°
17. | 5-C1-MeSOq4 4-F - 3.2x10%+1.4x10°
18. | 6-C1-MeSOq4 2-Me - 55x10*+2.4x10°
19. | 7-C1-MeSOq4 3-Me - 3.6x10*+1.5x10°
20. | 8-C1-MeSO4 4-Me - 46x10%+22x10°C
21. | 9-C1-MeSOq4 2-OMe - 8.7x10%+1.2x 107
22. | 10-C1-MeSOq4 3-OMe - 3.7x10*+1.6x10°
23. | 11-C1-MeSOq4 4-OMe - 7.9x10*+3.5x10°
24. | 12-C1-MeSOq4 2-CN - 41x10%+1.4x10°
25. | 13-C1-MeSOq4 3-CN - 2.6x10%+2.0x10*
26. | 14-C1-MeSOq4 4-CN - 35x10%+1.8x10*
27. | 15-C1-MeSOq4 2-CF; - 2.7x10°+2.0x 10"
28. | 16-C1-MeSOq4 3-CF; - 3.7x10*+1.7x 10
29. | 17-C1-MeSOq4 4-CF; - 1.0x10°+1.3x10°
30. | 18-C1-MeSOq4 2-NO, - 2.4%x10%+2.9x 10
31. | 19-C1-MeSOq4 3-NO; - 47x10%+27x10°
32. | 20-C1-MeSOs4 4-NO; - 1.4x102+55x 10*
33. | 21-C1-MeSOq4 H 8.0x10%+4.2x 10 6.6x10*+1.8x 107
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34. | 22-C1-MeSOq4 H 1.0x10%+2.4x 107 1.1x10%+1.3x 107

35. | 23-C1-MeSOq4 H 52x10%+4.3x 107 3.6x10%+1.6x10°

36. | 24-C1-MeSOq4 2-F - 3.3x10*+1.3x 107

The choice of DMSO is also due to the possibility of performing the experiments at a wider
temperature range, which are restricted in water, due to the slow kinetics at lower temperature.
Variable temperature Kinetics measurements were also performed, and by extrapolation of
Arrhenius plot to 25 °C, we estimated the half-life of 1-C1-MeSOa to be 58 days (in DMSO)
and 157 days (in water) at 25 °C (Appendix). Interestingly, the half-life is nearly seven times
higher than that of N-methyl-3,5-dimethyl azoarylpyrazole reported by Fuchter and co-
workers (10 days in MeCN; 8.7 days in DMSO).”® Next, we compared the thermal half-lives
in DMSO of all the 36 AAPIPs having different substituents (R: and R2), alkyl chains (R3)
and counterions (X). N-alkyl chain length has a weak effect on the half-lives (30-39 minutes
at 90 °C). Similarly, the counter ions also showed a negligible influence on the Z-isomer
stability, presumably attributed to the solvent separated ion pairing of the pyrazolium and
counter ions (Table 3B.3 and Figure 3B.5a-b). Indeed, an independent thermal Z-E
isomerization kinetics experiment of 1-C1-MeSO4 was also performed using a saturated
sodium chloride solution that showed no impact on the photoswitching or Kkinetics.
(Appendix). On contrast, variation in the substitutions at the 3,5-positions of the pyrazolium
ring, and the substitutions at the phenyl ring led to significant changes in the half-lives. All
these results confirm the presence of a strong electronic and/or steric influence of substituents
on the Z-isomer stability of AAPIPs.
Electronic and steric effects of substituents in the stability of Z-Isomers

To understand the substituent effects at the pyrazolium ring, we have installed H, Et
and Ph groups at 3,5-positions by replacing the two methyl groups in 1-C1-MeSOa. Next,
photoswitching and Kkinetics of the systems have been investigated (Table 3B.3 and Figure
3B.5c¢). Although the R2 substitutions impacted the n—=* and n—rn* absorption features, the
photoswitching was almost identical after the substitution. However, remarkable changes in
the thermal stability of the Z-isomers were observed. The order of Z-isomer stabilization upon
changing the substitution at 3,5-positions is H (21-C1-MeSQOs) > Me (1-C1-MeSOs4) > Ph
(23-C1-MeSO0s4) > Et (22-C1-MeSOa4). This trend is consistent in DMSO and water (Table
3B.2). Presumably the absence of steric hinderance and a possible H—r interaction in a highly
symmetric T-shaped geometry of the Z-isomer (based on the computational studies) can be
attributed to the exceptional stabilization in 21-C1-MeSOs4 (vide infra).® Despite a similar
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twisted geometry, the n—n stacking in 3,5-diphenyl substituted 23-C1-MeSO4 enhances the
stabilization of its Z-isomer. Based on these studies, it is apparent that the steric factor at the
3,5-positions of pyrazolium IPs is critical in influencing the stability of Z-isomers. At this
juncture, the exceptional Z-isomer stability of majority of the AAPIPs can be attributed to the
electrostatic interactions between the pyrazolium cationic part and the aryl group in their Z-
isomeric state and electronic effects of the latter. To unravel the electronic and steric influence
of the substituents at the phenyl ring, we decided to utilize the linear free energy relationships
(LFER) using Taft?®® (for ortho substitution) and Hammett?® (for meta and para
substitutions) constants.®" As far as the electronic effects due to meta substitution is concerned,
the Hammett relationship {log(kr/kH) vs substituent constants om} revealed a positive
trendline albeit a non-linear relationship (Figure 3B.5d). This is an indicative of a possible
complex interplay of resonance, inductive effects and field effects in influencing the
stabilization of Z-isomers, apart from the possible mechanistic changes in the thermal reverse
isomerization.?! Contrary to this, such Hammett plot for the para substituents signifies once
again a non-linear relationship (Figure 3B.5e). Indeed, the electron donating substituents did
not influence much and so the log(kr/kn) was nearly the same, however, the electron
withdrawing groups at the para positions strongly destabilize the Z-isomers. This effect is
maximal for para nitro derivative 20-C10-MeSO4, which undergoes thermal relaxation at
faster rate even at rt. Based on these Hammett relationships, it is evident that the Z-isomers of
the AAPIPs gain stabilization through electro-static interaction between the cationic
pyrazolium ring and the m-cloud of the phenyl ring. Since the electron donating substituents
enhance such interactions, they stabilize the Z-isomers nearly equally. On the contrary, the
electron with-drawing groups diminish the electron density on the phenyl ring leading to
weakening of such electrostatic interactions that shortens the half-life of the Z-isomers.
Similarly, the substituent effects at the ortho position through the Taft plot between the
log(kr/kme) and the steric substituent constant (Es) revealed a linear correlation with a negative
slope (Figure 3B.5f). Such trend confirms the release of steric factor at the transition state
relative to the Z-isomer. Thus, the steric factor destabilizes the Z-isomeric species, which is

consistent with the studies on azoheteroarenes.®"

Solvent and Concentration Effects
For all the derivatives, the PSS composition in the forward (E-Z) and reverse (Z-E)
photoisomerization steps, were determined in D-O using *H-NMR spectroscopy (Table 1).

The observed near quantitative isomerization conversion in forward and moderate to excel-
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lent recovery in the reverse steps were tested for solvent effects. Indeed, a significant
difference in the half-life of Z-isomer was observed upon changing the solvent from water to
DMSO (vide supra). This necessitates to explore the effects of solvents on both
photoswitching ability and thermal relaxations. In this regard, a series of experiments was
carried out for 1-C1-MeSOzs in different solvents such as MeOH, CHCls, toluene, MeCN, and
THF, in addition to DMSO and water, and the studies were followed by UV-vis spectroscopy.
To estimate the PSS compositions, we have also performed H-NMR spectroscopic studies in
DMSO-ds, CD30D, CDCls, and CD3CN. We found that the isomerization conversions are
consistent (forward: >90% and reverse: >70%) and are independent of the solvents used
(Figure 3B.6). However, the thermal reverse isomerization of the Z-isomers was strongly
influenced by the solvent polarity (Figure 3B.5). At this stage, we have tested the
concentration dependency of the photoswitching ability to enumerate the role of
intermolecular interactions. In this regard, photoswitching experiments were carried out using
1-C1-MeSOu4in D20 and DMSO-ds.

e
o
@

~0.03 . - [Jomso @90 °c . -
© (a) ey, owsogmc o (b) = watergsocc PFs v £ ooad (€) CHs
‘= CH. CysH3y E MeSO,” . BPh, £
E : CH, = 13 DDMW@W:
s i CH x 002 Water @80
io_oz 4Hy 5! 17510"21(:“"15 € ': 0.03
c
8 2 I cH Ph
@ < » 0.02
5 8 0.1 c
g 0.01 P 8
©
P S % 0.01 "
P o
0.00 0.00 0.00 e -
Alkyl chain (R;) % Counter ions (X") Substitution at pyrazolium (R,)
< /\\} Rs
e e RN x® [@
_ N e
MRZ Rz/‘\/e_ ' MRZ
2 N N"N 2
Q A&‘ @ A 1.6 A&-
02| (d) (e) ® I
) 1.6 NO2
. —_—
- _ S 0.8
1.2 = .
a‘?é E‘f CN = CF3
2 &
-g 0.1 ._!f 0.8 = 0.0
o = o CH3
= =) L ™
0.4 £
OCH3
e — 0.8
00{ Ha 0.0 oh CFa olHs
0.0 0.2 0.4 0.6 0.8 04 02 00 02 04 06 08 - 0 1 2
om op steric parameters, ES

Figure 3B.5. Substituent and counter ion effects in the thermal Z-E relaxation rates of
AAPIPs. Effect of (a) alkyl chain (Rs), (b) counter ions (X~) and (c) substitution at pyrazolium
(R2) on the rate of thermal Z-E isomerization of AAPIPs; Electronic and steric effects of the
substituents (R1): Hammett plots of (d) meta, (e) para substituents, and (f) Taft plot depicting
the effect of ortho substituents. (For Hammett and Taft plots, the rate constants have been
measured in DMSO at 90 °C and followed by UV-Vis spectroscopy)
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Figure 3B.6. (a) Effect of solvent on the photoisomerization of 1-C1-MeSO4 (15-30 mM):
Photoswitching experiments and PSS estimation in the forward E-Z (340 nm, 2 h or 365 nm,
45 min) and reverse Z-E photoisomerization (435 nm, 45 min) steps followed by *H-NMR in
(i) CDCls, (ii) CDsOD, (iii) CDsCN, and DMSO-de. (The normalized integral values
corresponding to C-Me signals of the pyrazolium for E- and Z-isomers are depicted) Effect of
pH (2-13) on the thermal reverse (Z-E) isomerization kinetics (at 80 °C) followed by UV-Vis
spectroscopy in: (b) 21-C1-MeSOys; (c) 1-C1-MeSOyq; (d) 22-C1-MeSOq4; (e) 23-C1-MeSOq4;
(F) Comparison of the b-e; The zoomed part depicts the rate changes due to the effect of basic
pH 8-12 in differently substituted azopyrazolium derivatives. (The pH titrations were
performed in phosphate buffer (pH 6.65, 25 mM) by adding either 12 M HCI or 10 M NaOH
in H20 and the details are available in Appendix 3B.)

Remarkably, at a wide range of concentrations between 8 and 227 mM, we did not see any
significant difference in the PSS compositions (Apendix 3B). Moreover, independent kinetics
experiments on 1-C1-MeSOs followed by UV-Vis spectroscopy (in H20, 68.5 uM) and *H-
NMR spectroscopy (in D20, 20.5 mM) exhibited almost identical rates of thermal Z-E
relaxations, 0.3 x 10 + 0.003 x 102 and 0.2 x 10 + 0.01 x 102, respectively. Similar rates
have been estimated for the derivatives 21-C1-MeSOQOs, 22-C1-MeSO4 and 23-C1-MeSOg4
also (Appendix 3B). The similarity in the rates is an indication of exceptional thermal stability

of Z-isomers of these photoswitches in a wide concentration range.

Effect of pH

In general, azobenzene photoisomerization and the thermal stability of Z-isomers

aresensitive to pH of the medium.
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Table 3B.4. Electronic absorption properties of E- and Z-isomers (in water), PSS composition for the forward (E-Z) and reverse (Z-E)
photoisomerization steps (in D20) and solvent-dependent thermal reverse (Z-E) isomerization kinetics data of arylazopyrazolium ionic
photoswitches (AAPIPs)

UV-vis data? 'H-NMR PSS data (%)° Kinetics data (ty,, min)®
S E-isomer Z-isomer
No. Compound Ry R, p— - — - E-Z E-Z Water DMSO
(%2) (%E) at 80 °C at 90 °C
(nm) (nm) (nm) (nm)

1. 1-C1-MeSO, H Me 320 420 0 425 97 79 224 30
2. 1-C2-MeSO, H Me 320 420 0 425 98 76 196 33
3. 1-C4-MeSO, H Me 320 420 0 425 89 75 247 35
4. 1-C6-MeSO, H Me 320 420 0 425 86 76 324 36
5. 1-C8-MeSO, H Me 320 420 0 425 88 76 118 36
6. 1-C10-MeSO, H Me 320 420 0 425 87 72 228 39
7. 1-C12-MeSO, H Me 320 420 0 425 93 81 364 38
8. 1-C18-MeSO4 H Me 320 420 0 425 90 76 29 38
9. 1-C1-BF, H Me 320 420 0 425 92 73 X 34
10. 1-C1-PFg H Me 320 420 0 425 91 71 X 27
11. 1-C1-BPhg® H Me 320 420 0 425 89 72 X 28
12. 1-C1-SCN H Me 320 420 0 425 90 73 198 30
13. 1-C1-Cl H Me 320 420 0 425 92 76 200 31
14. 2-C10-MeSO, 2,6-diF Me 310 422 281 412 93 76 X 127
15. 3-C10-MeSO, 2-F Me 321 419 274 416 88 72 X 45
16. 4-C10-MeSO, 3-F Me 316 420 271 424 93 80 X 27
17. 5-C10-MeSO, 4-F Me 322 415 271 422 93 75 X 36
18. 6-C10-MeSO, 2-Me Me 325 425 275 425 94 69 X 21
19. 7-C10-MeSO, 3-Me Me 320 420 270 420 85 78 X 32
20. 8-C10-MeSO, 4-Me Me 330 415 250 425 76 80 X 25
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21. 9-C10-MeSO, 2-OMe Me 316 0 256 424 87 49 X 133
22. 10-C10-MeSO4 3-OMe Me 315 0 0 425 84 69 X 31
23. 11-C10-MeSO4 4-OMe Me 345 0 324 430 94 89 X 15
24, 12-C10-MeSO4 2-CN Me 310 425 255 425 91 7 X 28
25. 13-C10-MeSO4 3-CN Me 325 425 260 430 95 75 X 4
26. 14-C10-MeSO, 4-CN Me 320 435 230 425 98 70 X 3
27. 15-C10-MeSO4 2-CF3 Me 315 425 245 425 97 76 X 4
28. 16-C10-MeSO, 3-CF3 Me 310 420 0 420 97 74 X 32
29. 17-C10-MeSO, 4-CFs Me 310 425 345 420 81 74 X 12
30. 18-C10-MeSO, 2-NO; Me 320 420 320 420 f f X 5¢
31 19-C10-MeSO, 3-NO; Me 309 420 265 422 50 68 X 25
32. 20-C10MeSO, 4-NO; Me 329 431 300 430 62 f X 1
33. 21-C1-MeSO, H H 315 410 0 410 80 67 1100 108
34. 22-C1-MeSO, H Et 320 425 273 425 86 78 144 18
35. 23-C1-MeSO,* H Ph 325 434 280 430 86 83 223 32
36. 24-C1-MeSO,* 2-F Ph 335 435 290 430 89 78 X 35

3All UV-Vis spectral data were recorded in H2O in the concentration range 27-106 uM; °To estimate PSS composition, *H-NMR spectral data were recorded in D20 in the
concentration range 6.1-27.8 mM; “Thermal reverse (Z-E) isomerization kinetics were followed by UV-Vis spectroscopy; Unless specified, E-Z forward photoisomerization
was performed at 340 nm (xenon lamp with a monochromator) or 9365 nm (LED light source); conversely, 435 nm or 490 nm (LED light sources) were used for Z-E reverse

photoisomerization; the irradiation was continued until achieving PSS. 9The kinetics analysis was performed at 25 °C. (o0-overlapping; f-fast thermal relaxation; x-not

performed in water.
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The effect of acid medium and pH have also been explored for different azoheteroarenes.
Typically, the protonation of azo nitrogen in acidic conditions (low pH) destabilizes the Z-
isomers, which makes them to undergo fast thermal relaxation.*

In contrast, hydroxy or amino substituted azo compounds are known for their fast thermal Z-
E relaxation in basic medium (higher pH).?? Since the azo compounds are desired to tolerate
a wide range of pH towards the applications in photopharmolocogy, we intended to study the

behaviour of our compounds at different pH.

In this regard, we systematically investigated the effect of a wide range of pH (2 to 13)
on photoswitching ability and thermal relaxations using selected pyrazolium derivatives 1-
C1-MeSOs4, 21-C1-MeSO4, 22-C1-MeSOq4, and 21-C1-MeSOu4 that were carried out using
phosphate buffers. Firstly, the inspection of the absorption features revealed no shifts in the
Amax Or changes in the absorption profile of the derivatives over a wide range of pH (2-13)
indicating the stability of the native E-isomeric state. Similarly, the irradiation in the forward
and reverse isomerization steps also did not exhibit any significant impact on the absorption
profiles of Z- or E-isomers. Indeed, the photoswitching stability study over five cycles was
also conducted that revealed no photobleaching or fatigueness at different pH. Notably, the
PSS composition was also estimated to be the same at different pH. For comparison, these
experiments were also followed using *H-NMR in D,O and phosphate buffer (60:40) at
specific pH that includes 2.04, 5.90, and 11.30.

Table 3B.5. Thermal Z-E isomerization kinetics data at 80 °C obtained from UV-Vis
spectroscopic studies at different pH of the compounds 21-C1-MeSOg4, 22-C1-MeSO4, and
23-C1-MeSOa4

S. pH Rate constant (s1) @ 80 °C

No. 21-C1-MeSOq4 22-C1-MeSOq4 23-C1-MeSOq4

1 2.04 2.5x10°+5.0x 107 8.7x10°+3.3x10°® 5.0x10°+5.0x10°
2 6.65 2.7x10°+5.0x10° 8.7x10°+3.3x10°® 5.0x10°+5.0x10°®
3 8.98 1.0x10%+6.7 x 107 9.0x10°%+3.3x 108 5.0x10°+1.7x 108
4 10.51 5.2x10°+8.3x10° 9.7x10°%+5.0x 108 5.0x10°+1.0x 107
5 10.91 9.3x10°+1.5x10* 1.2x10%+5.0x10°® 5.0x10°+3.3x 108
6 11.65 1.4+1.8x101 2.2x10%+5.0x 107 6.7 x10°%+8.3x 107
7 12.30 6.52 7.5x10%+5.0x 108 1.2x10*+3.3x10°

%rate constant evaluated from extrapolation of Arrhenius plot to 353 K.
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Table 3B.6 Thermal Z-E isomerization kinetics data obtained from UV-Vis spectroscopic studies at
different pH of the compound 1-C1-MeSO,

Rate constant (s?) Rate constant (s?)
S. No. pH @ 80°C S. No. pH @ 80°C
(1-C1-MeSOq) (1-C1-MeSOJ)
1. 2.04 5.0x10°+5.0x10° 10. 10.00 47x10*+1.7x10°
2. 3.36 50x10%+5.0x10° 11. 10.45 7.3x10%+15x10°
3. 5.90 50x10°+1.0x 108 12. 10.77 1.3x10%+3.3x10°
4, 6.65 50x10°+1.2x 108 13. 11.24 2.7x10%+1.0x10°
5. 6.93 5.0x10°+6.7x 107 14, 11.54 40x10°%+1.7x10°
6. 8.20 1.3x10*+15x 10 15. 11.65 52x10%+1.7x10°%
7. 8.74 2.0x10%+1.7x107 16. 12.30 75x10%+ 1.4x10*
8. 8.98 25x10%+1.7x 107 17. 12.56 8.3x10°+3.3x10*
9. 9.69 3.8x10*+1.7x 106 18. sat. 5.0x10°+6.7 x 107
NaCl

Neither changes in the chemical shifts before and after irradiation nor the isomerization
conversions at the expense of variation in the pH of the medium were obseved. These
experiments demonstrated the bidirectional phototoisomerization ability and tolerance of 1-
C1-MeSOu4in a wide range of pH. The salient feature of this photoswitch is the remarkable
stability of its Z-isomer at a wide range of pH. Towards this, the Z-E thermal reverse
isomerization Kkinetics experiments have been carried out at a different pH and followed by
UV-vis spectroscopy. The results revealed no influence of acidic or neutral pH on the Z-isomer
stability, however, if the pH was increased further above pH = 8, it induced a fast relaxation.
Such rate jumps due to basic pH was also observed in the derivatives 21-C1-MeSOg4, 22-C1-
MeSOs, and 23-C1-MeSOq (Figure 3B.3). The di-H derivative 21-C1-MeSOs, showed an
inflexion point around 8, whereas, 1-C1-MeSQOs, and 22-C1-MeSOs4 exhibited such rate
changes at a slightly higher pH, 8.5 and 11, respectively. Notably, the di-phenyl derivative
23-C1 MeSO4showed the maximum stability with a pH jump around 12. Based on the results,
Similar rates have been estimated for the derivatives 21-C1-MeSOQs, 22-C1-MeSO4 and 23-
C1-MeSOqs also (Appendix 3B). The similarity in the rates is an indication of exceptional
thermal stability of Z-isomers of these photoswitches in a wide concentration range. This
showed pyrazolium derivatives are stable under wide range of pH that has been confirmed by
'H NMR spectroscopy (Appedix 3B).
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(R2=Ph). The protons influenced by the possible interaction with DBU exhibit downfield
shifts in *H-NMR, which are depicted in the chemical structures.
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Figure 3B.8. Titration experiment with increasing amounts of DBU as a base in D20 of (a)
(E)-21-C1-MeSOs (R2=H) and (b) (E)-23-C1-MeSO4 (R2=Ph) indicating deuterium
exchange at pyrazolium ring protons (R2=H) in (E)-21-C1-MeSOa.

Stability towards GSH
Furthermore, the stability of 1-C1-MeSOa4 in E- and Z-isomeric forms with the highest

physiologically relevant concentration of GSH (10 mM) was tested. Both E- and Z-isomers

were found stable towards GSH-induced reduction of the azo group. We tested five cycles of

reversible photoswitching in the presence of GSH, and the derivative was stable under these

conditions (Figure 3B.9). These results demonstrate that AAPIPs are as stable as other known

azopyrazole derivatives.'®
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Figure 3B.9. Stability of 1-C1-MeSO4 under the possible maximum biological concentration
of glutathione (GSH) (10 mM) in phosphate buffer (pH = 7.4). (a) The UV-Vis spectral data
of E- isomer of 1-C1-MeSOzs in the presence of GSH; The spectra were recorded at different
time intervals (o min, 1 h, 3 h, 5h, 7 h, 9 h, 18 h 40 min), (b) The UV-Vis spectral data of Z-
isomer of 1-C1-MeSOs in the presence of GSH; The spectra were recorded at different time
intervals (0, 1 h, 3 h,5h, 7 h17 h 13 min), (c) Photoisomerization stability of 1-C1-MeSOQO4
in presence of GSH (The forward E-Z and the reverse Z-E photoisomerzation steps were
alternatively carried out at 340 and 435 nm, respectively over 10 cyclesof 1-C1-MeSOas under
the possible maximum biological concentration of glutathione (GSH) (10 mM) in phosphate
buffer (pH = 7.4).
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General procedure for synthesis of compound 1-24-Cn-MeSO4
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The solution of the compounds 1-24-Cn (1 mmol, 1 eq) in dry MeCN has been
charged in to an RB flask. Dimethyl sulfate (3 mmol, 3 eq.) was added to the solution and the
reaction mixture was then heated at 80-100 °C for 4-12 hrs. Reaction was monitored with
TLC. After completion, the reaction was cooled to room temperature and diethyl ether was
added to the reaction mixture and the resulting suspension was kept in refrigerator overnight.
Afterwards, the precipitate was filtered and thoroughly washed with excess amount of diethyl
ether. The filtered solid was either dried and directly utilized for characterization or passed
through a neutral alumina column using MeOH-ethyl acetate (20:80) as eluent, on distillation
gave the pure product.

General procedures for ion exchange

The compound 1-C1-MeSO4 (500 mg) was dissolved in 10 ml MeOH in an RB
flask. About 500 mg Amberlite® IRA402 chloride form resin was added into the above
solution and stirred for overnight.

N Amberite MX N PFg, BPh,

N _— N, —_—

«N <N
f MeOH, rt, 12 h f MeOH, rt, 12 h f

Scheme 3B.4. Synthesis of compounds 1-24 -Cn-X

After 12 h the solution was filtered and the solution was evaporated to dryness to give
the desired products 1-C1-CIl. The complete replacement was confirmed by the NMR
spectroscopy and HRMS. For exchanging with the other counter ions, the compound 1-C1-
Cl (500 mg) was dissolved in methanol. Ammonium or sodium or potassium salt of
corresponding anion has been added in excess (3 to 5 eg.) into the above solution and stirred
for 12 h at room temperature. After 12 h this solution was filtered through a filter paper and
the solution was evaporated to dryness. The resulting solid compound was dissolved in DCM
and kept in refrigerator for overnight. Afterwards, the solid precipitate of excess amount of
ammonium or sodium or potassium salt used was filtered at cold condition. The remaining
solution of DCM was evaporated to dryness yielding the desired products, which were further
characterized.

(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate, 1-
C1-MeSOq, yellow solid, mp = 273-275 °C, yield = 98%.
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'H NMR (400 MHz, DMSO-dg) § 7.90 -7.87 (m, 2H), 7.63-7.58 (m, 3H), 4.06 (s, 6H), 3.36
(s, 3H), 2.77 (s, 6H) ppm; *C NMR (100 MHz, DMSO-ds) & 152.0, 141.2, 132.3, 131.9,
129.6, 122.3, 33.9, 10.6 ppm; HRMS (ESI™) m/z: calcd. for C13H17N4 [M]* 229.1448, Found
229.1447; (ESI") m/z: calcd. for CH304S [M]™ 110.9758, Found 110.9751; IR (KBr, cm™)
780, 1020, 1090, 1230, 1250, 1460, 2850, 2928.
(E)-1-ethyl-2,3,5-trimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-iummethanesulfonate,
1-C2-MeSO0Os, yellow solid, mp = 74-76 °C, yield = 98%.

'H NMR (400 MHz, CDClg) & 7.83 -7.82 (m, 2H), 7.52-7.51 (m, 3H), 4.73 (q, J = 6.9 Hz,
2H), 4.23 (s, 6H), 3.64 (s, 3H), 3.64 (s, 3H), 2.81-2.80 (s, 6H), 1.51 (t, J = 7 Hz, 3H) ppm;
13C NMR (100 MHz, DMSO-ds) & 152.1, 142.1, 140.8, 132.5, 131.9, 129.6, 122.3, 42.1,
33.9, 13.7, 10.6, 10.3 ppm; HRMS (ESI*) m/z: calcd. For C14H19N4 [M]* 243.1604, Found
243.1604; (ESI) m/z: calcd. for CH304S [M]" 110.9758, Found 110.9750; IR (KBr, cm™)
780, 1028, 1090, 1238, 1250, 1460, 2849, 2920.
(E)-1-butyl-2,3,5-trimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
1-C4-MeSOq, yellow solid, mp = 78-80 °C, yield = 98%.

'H NMR (400 MHz, CDCl3) § 7.84 -7.82 (m, 2H), 7.53-7.51 (m, 3H), 4.72 (t, J = 7.8 Hz,
2H), 4.27 (s, 3H), 3.64 (s, 3H), 2.82 (s, 3H), 2.80 (s, 3H), 1.82-1.79 (pt, J = 6.2 Hz, 2H),
1.53-1.45 (m, 2H), 1.02 (t, J = 7.3 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) & 152.3,
142.4, 141.2, 133.4, 131.9, 129.3, 122.6, 54.3, 47.5, 34.70, 34.68, 31.2, 19.8, 13.6, 11.1
ppm; HRMS (ESI*) m/z: calcd. for C16H23N4 [M]* 271.1917, Found 271.1937; (ESI") m/z:
calcd. for CH304S [M] 110.9758, Found 110.9741; IR (KBr, cm™) 780, 1010, 1090, 1230,
1220, 1460, 2840, 2915.
(E)-1-hexyl-2,3,5-trimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
1-C6-MeSOq, dark red, sticky liquid, yield = 98%.

'H NMR (400 MHz, CDCls3) § 7.72 -7.70 (m, 2H), 7.41-7.40 (m, 3H), 4.85 (t, J = 8.0 Hz,
2H), 4.37 (s, 3H), 2.82 (s, 3H), 2.80 (s, 3H), 1.82-1.79 (m, 2H), 1.53-1.45 (m, 2H), 1.02 (t,
J = 7.3 Hz, 3H) ppm; ¥C NMR (100 MHz, CDCl3) § 152.4, 142.9, 141.2, 133.0, 131.4,
129.2,122.5,47.3, 34.42, 34.39, 31.2, 29.0, 25.8, 22.4, 14.0, 11.1, 10.9 ppm; HRMS (ESI")
m/z: calcd. for C1gH27N4 [M]*299.2236, Found 299.2232; (ESIY) m/z: calcd. for CH304S
[M] 110.9758, Found 110.9751; IR (KBr, cm™) 780, 1020, 1090, 1210, 1250, 1460, 2830,
2915.

(E)-2,3,5-trimethyl-1-octyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
1-C8-MeSOq, red-brown, solid, mp = 143-145 °C, yield = 97%.
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'H NMR (400 MHz, CDCl3) & 7.84 -7.81 (m, 2H), 7.52-7.50 (m, 3H), 4.62 (t, J = 7.6 Hz,
2H), 4.20 (s, 3H), 3.63 (s, 3H), 2.81 (s, 3H), 2.81 (s, 3H), 2.79 (s, 3H), 1.82-1.78 (m, 2H),
1.41-1.26 (m, 10H), 0.87 (t, J = 6.4 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) & 152.5,
142.6, 141.3, 133.3, 131.8, 129.3, 122.6, 54.5, 47.5, 34.5, 31.8, 29.25, 29.16, 29.12, 26.5,
22.6,14.1, 11.2, 11.1 ppm; HRMS (ESI*) m/z: calcd. for CooH31N4 [M]* 327.2543, Found
327.2549; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9718; IR (KBr, cm™)
790, 1020, 1090, 1200, 1220, 1430, 2830, 2918.
(E)-1-decyl-2,3,5-trimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
1-C10-MeSOzg, yellow solid, mp = 108-110 °C, yield = 97%.

'H NMR (400 MHz, CDCls3) & 7.84 -7.81 (m, 2H), 7.52-7.50 (m, 3H), 4.63 (t, J = 7.6 Hz,
2H), 4.20 (s, 3H), 3.64 (s, 3H), 2.81 (s, 3H), 2.79 (s, 3H), 1.80 (pt, J = 8.0 Hz, 2H), 1.41-
1.25 (m, 14H), 0.87 (t, J = 6.5 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3) § 152.4, 142.5,
141.2,133.3, 131.9, 129.3, 122.6, 54.4, 47.5, 34.5, 31.9, 29.51, 29.45, 29.39, 29.30, 29.24,
29.18, 26.5, 22.7, 14.2,11.2, 11.1 ppm; HRMS (ESI*) m/z: calcd. For C22H3sN4 [M]* (ESI
) m/z: caled. for CH304S [M]110.9758, Found 110.9796; IR (KBr, cm™1) 789, 1020, 1090,
1215, 1250, 1460, 2850, 2918.
(E)-1-dodecyl-2,3,5-trimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 1-C12-MeSOa, red-brown, solid, mp = 64-66 °C, yield = 98%.

'H NMR (400 MHz, CDCl3) 5 7.84 -7.81 (m, 2H), 7.52-7.50 (m, 3H), 4.64 (t, J = 7.7 Hz,
2H), 4.20 (s, 3H), 3.64 (s, 3H), 2.81 (s, 3H), 2.79 (s, 3H), 1.79 (pt, J = 8.2 Hz, 2H), 1.42-
1.25 (m, 18H), 0.87 (t, J = 6.4 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3) § 152.3, 142.7,
141.1, 133.1, 131.6, 129.1, 122.4, 54.4, 47.3, 34.4, 31.8, 29.58, 29.56, 29.52, 29.39, 29.29,
29.13, 29.05, 26.3, 22.6, 14.1, 11.0, 10.9 ppm; HRMS (ESI*) m/z: calcd. for C2aH3zgN4 [M]*
383.3169, Found 383.3181; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9749;
IR (KBr, cm?) 780, 1020, 1090, 1230, 1250, 1460, 2839, 2908.
(E)-2,3,5-trimethyl-1-octadecyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 1-C18-MeSOg, yellow solid, mp = 135-137 °C, yield = 95%.

'H NMR (400 MHz, CDCl3) 6 7.84 -7.81 (m, 2H), 7.53-7.50 (m, 3H), 4.64 (t, J = 7.7 Hz,
2H), 4.20 (s, 3H), 3.64 (s, 3H), 2.82 (s, 3H), 2.80 (s, 3H), 1.80 (pt, J = 6.6 Hz, 2H), 1.42-
1.24 (m, 30H), 0.87 (t, J = 6.4 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3) § 152.5, 142.4,
141.2,133.4, 131.9, 129.3, 122.6, 54.4, 47.6, 34.6, 32.0, 29.77, 29.73, 29.67, 29.58, 29.48,
29.43, 29.28, 29.20, 26.5, 22.8, 14.2, 11.20, 11.18, 11.14 ppm; HRMS (ESI*) m/z: calcd.
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for CsoHsiNa [M]* 467.4108, Found 467.4108; (ESI) m/z: calcd. for CH304S [M]
110.9758, Found 110.9749; IR (KBr, cm™) 780, 1020, 1090, 1210, 1250, 1460, 2860, 2928.
(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium thiocyanate chloride, 1-
C1-Cl, light yellow solid, mp = 225-227 °C, yield = 99%.

'H NMR (400 MHz, DMSO-de) & 7.91 -7.88 (m, 2H), 7.64-7.58 (m, 3H), 4.05 (s, 6H), 2.77
(s, 6H) ppm; *C NMR (100 MHz, DMSO-ds) & 152.0, 141.2, 132.3, 131.9, 129.6, 122.3,
33.9, 10.5 ppm; HRMS (ESI*) m/z: calcd. for C13H17Ns [M]" 229.1448, Found 229.1464;
(ESI") m/z: calcd. for Cl [M]™ 34.9689, Found 34.9708; IR (KBr, cm™) 780, 1035, 1090,
1230, 1250, 1460, 2850, 2928.
(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium tetrafluoroborate, 1-
C1-BF4, light yellow solid, mp = 240-242 °C, yield = 99%.

'H NMR (400 MHz, DMSO-de): § 7.91 -7.89 (m, 2H), 7.64-7.58 (m, 3H), 4.04 (s, 6H), 2.76
(s, 6H) ppm; *C NMR (100 MHz, DMSO-dg) & 152.1, 141.3, 132.3, 131.9, 129.6, 122.3,
33.8, 10.6 ppm; °F NMR (376.5 MHz, DMSO-ds) & -148.3 ppm; 'B NMR (128.3 MHz,
DMSO-ds) 6 -1.30 ppm. HRMS (ESI*) m/z: calcd. for Ci3Hi7Ns [M]* 229.1448, Found
229.1455; (ESI)) m/z: calcd. for BF4 [M] 87.0029, Found 87.0009; IR (KBr, cm™) 780,
835, 1020, 1090, 1230, 1250, 1460, 2850, 2928.
(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium  hexafluorophosphate,
1-C1-PFs, light yellow solid, mp = 210-212 °C, yield = 99%.

'H NMR (400 MHz, CD3CN) § 7.92 -7.90 (m, 2H), 7.59-7.57 (m, 3H), 3.92 (s, 6H), 2.73
(s, 6H) ppm; *C NMR (100 MHz, CD3CN) § 153.5, 142.9, 134.1, 132.9, 130.4, 123.4, 34.7,
11.2 ppm; °F NMR (376.5 MHz, CD3sCN) & -73.0 (d, J = 707.8 Hz) ppm; *!P NMR (162.1
MHz, CDsCN) & -144.65 (sept, J = 706.7 Hz) ppm. HRMS (ESI*) m/z: calcd. for C13H17Na4
[M]"229.1448, Found 229.1447; (ESI") m/z: calcd. for PFe [M] 144.9642, Found 144.9621;
IR (KB r, cm™) 780, 1030, 1090, 1230, 1250, 1460, 2054, 2850, 2928.
(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium thiocyanate, 1-C1-SCN,
light yellow solid, mp = 255-257 °C, yield = 99%.

'H NMR (400 MHz, DMSO-ds) & 7.91 -7.88 (m, 2H), 7.63-7.58 (m, 3H), 7.18-7.17 (m, 8H),
,6.91 (t, J = 7.3 Hz, 8H), 6.88-6.77 (m, 4H), 4.02 (s, 6H), 2.76 (s, 6H) ppm; 3C NMR (100
MHz, DMSO-ds) 6 152.0, 141.2, 132.3, 131.8, 129.71, 129.54, 122.3, 33.9, 10.6 ppm;
HRMS (ESI*) m/z: calcd. for C13H17Nas [M]* 229.1448, Found 229.1447; (ESI") m/z: calcd.
for SCN [M] 57.9751, Found 57.9751; IR (KBr, cm™) 780, 1020, 1090, 1230, 1250, 1460,
2054, 2850, 2928.

153



(E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium tetraphenyl-l4-borane,
1-C1-BPhy, Light yellow solid, mp = 260-262 °C, yield = 99%.

'H NMR (400 MHz, DMSO-dg) § 7.90 -7.88 (m, 2H), 7.62-7.58 (m, 3H), 4.05 (s, 6H), 2.76
(s, 6H) ppm; 3C NMR (100 MHz, DMSO-dg) § 163.4 (q, J = 50 Hz), 152.0, 141.2, 135.5,
132.3, 131.9, 129.5, 125.3, 122.3, 121.5, 33.7, 10.5 ppm; !B NMR (128.3 MHz, DMSO-
de) 8 92.67 ppm. HRMS (ESI*) m/z: calcd. for C13H17N4 [M]" 229.1448, Found 229.1463;
(ESI") m/z: calcd. for C24H20B [M] 319.1658, Found 319.1689; IR (KBr, cm™) 780, 1013,
1090, 1230, 1259, 1461, 2850, 2918, 3055.
(E)-1-decyl-4-((2,6-difluorophenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 2-C10- MeSO4 yellow solid, mp = 133-135 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) § 7.42 -7.34 (m, 1H), 7.06 (t, J = 9.0 Hz, 3H),4.69 (t, J=7.6
Hz, 2H), 4.26 (s, 3H), 3.62 (s, 3H), 2.80 (s, 3H), 2.77 (s, 3H), 1.81 (pt, J = 8.2, 2H), 1.45-
1.25 (m, 14H), 0.87 (t, J = 5.9 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3) § 156.0 (dd, J =
260.0 Hz, J = 3.8 Hz), 142.8, 141.4, 134.4, 131.7 (t, = 10.5 Hz) 130.6 (t, J = 9.0 Hz), 112.7
(dd, J = 20.3 Hz, J = 3.4 Hz), 54.2, 47.8, 34.74, 34.72 31.8, 29.46, 29.40, 29.25, 29.19,
29.12, 26.5, 22.7, 14.1, 11.10, 11.07 ppm; F NMR (376.5 MHz, CDCl3) § -120.2 HRMS
(ESI") m/z: calcd. for C22Ha3F2N4 [M]* 391.2673, Found 391.2675; (ESI)) m/z: calcd. for
CH304S [M] 110.9758, Found 110.9781; IR (KBr, cm™?) 782, 1015, 1090, 1230, 1250,
1460, 2850, 2928.
(E)-1-decyl-4-((2-fluorophenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 3-C10-MeSOs, yellow solid, mp = 128-130 °C, yield = 96%.

'H NMR (400 MHz, CDCls) § 7.68 (dt, J = 7.3 Hz, 1.4 Hz, 3H), 7.53-7.46 (m, 1H), 7.30-
7.21 (0, 2H), 4.70 (t, J = 7.7 Hz, 2H), 4.27 (s, 3H), 3.63 (s, 3H), 2.83 (s, 3H), 2.80 (s, 3H),
1.81-1.78 (0, 2H), 1.44-1.25 (m, 14H), 0.87 (t, J = 6.5 Hz, 3H) ppm; *C NMR (100 MHz,
CDCl3) 8 160.1 (d, J = 257.7 Hz), 142.9, 141.2, 140.2 (d, J = 6.6 Hz), 133.8, 133.5(d, J =
8.3 Hz), 124.4 (d, J=3.5Hz), 117.2 (d, J = 19.8 Hz), 116.7, 54.1, 47.6, 34.64, 34.61, 31.7,
29.38, 29.33, 29.17, 29.07, 29.03, 26.4, 22.6, 14.0, 11.1, 11.0 ppm; **F NMR (376.5 MHz,
CDCl3) & -123.7 ppm; HRMS (ESI*) m/z: calcd. for C22H3sFN4 [M]" 373.2762, Found
373.2763; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr, cm™)
780, 1020, 1090, 1230, 1250, 1593, 2859, 2927.
(E)-1-decyl-4-((3-fluorophenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 4-C10- MeSOg, redish brown solid, mp = 102-104 °C, yield = 96%.
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'H NMR (400 MHz, CDCls) § 7.68 -7.66 (m, 1H), 7.53-7.48 (m, 2H), 7.22 (dt, J = 8.2 Hz,
J=22Hz, 1H), 4.64 (t, J = 7.6 Hz, 2H), 3.64 (s, 3H), 3.34 (s, 3H), 2.82 (s, 3H), 2.80 (s,
3H), 1.81 (pt, J = 7.1 Hz, 2H), 1.44-1.29 (m, 14H), 0.87 (t, J = 6.5 Hz, 3H) ppm; *C NMR
(100 MHz, CDClz) 6 163.3 (d, J = 246.5 Hz), 154.0 (d, J = 6.8 Hz), 143.0, 141.8, 133.1,
130.5 (d, J = 8.6 Hz), 120.4 (d, J = 2.7 Hz), 118.3 (d, J = 21.7 Hz), 107.6 (d, J = 22.8 Hz),
47.6, 34.67, 34.64, 31.9, 29.57, 29.47, 29.34, 29.26, 29.23, 26.4, 22.7, 14.2, 11.25, 11.18
ppm; °F NMR (376.5 MHz, CDCls) § -123.7; HRMS (ESI*) m/z: calcd. for Co2H3aFNg4
[M]" 373.2762, Found 373.2766; (ESI)) m/z: calcd. for CH304S [M]  110.9758, Found
110.9774; IR (KBr, cm?) 780, 1005, 1080, 1230, 1250, 1460, 2850, 2926.
(E)-1-decyl-4-((4-fluorophenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 5-C10- MeSOq4, dark red sticky liquid, yield = 96%.

'H NMR (400 MHz, CDCls) & 7.86 -7.83 (m, 2H), 7.22-7.17 (m, 2H), 4.64 (t, J = 7.6 Hz,
2H), 4.23 (s, 3H), 3.62 (s, 3H), 2.81 (s, 3H), 2.78 (s, 3H), 1.80 (pt, J = 7.5 Hz, 2H), 1.41-
1.25 (m, 14H), 0.87 (t, J = 6.6 Hz, 3H) ppm; **C NMR (100 MHz, CDCl3) § 163.4 (d, J =
252.0 Hz), 148.9 (d, J = 3.0 Hz), 142.4, 141.0, 133.1, 124.6 (d, J = 9.0 Hz), 116.2 (d, J =
22.9 Hz), 54.1, 47.5, 34.46, 34.42, 31.8, 29.39, 29.34, 29.18, 29.08, 29.04, 26.4, 22.6, 14.1,
11.07, 11.00 ppm; *F NMR (376.5 MHz, CDCls) & -107.6; HRMS (ESI*) m/z: calcd. for
C22H34FN4 [M]* 373.2762, Found 373.2772; (ESI") m/z: calcd. for CH304S [M] 110.9758,
Found 110.9751; IR (KBr, cm™) 780, 1020, 1090, 1230, 1250, 1460, 2850, 2930.
(E)-1-decyl-2,3,5-trimethyl-4-(o-tolyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
6-C10- MeSOq4, red-brown, solid, mp = 88-90 °C, yield = 98%.

'H NMR (400 MHz, CDCls) & 7.58 (d, J = 8.1 Hz, 1H), 7.40-7.33 (m, 2H), 7.27-7.23 (o,
1H),4.61 (t, J = 7.5 Hz, 2H), 4.21 (s, 3H), 3.59 (s, 3H), 2.80 (s, 3H), 2.77 (s, 3H), 2.62 (s,
3H), 1.80 (pt, J = 7.3 Hz, 2H), 1.42-1.31 (m, 14H), 0.85 (t, J = 6.6 Hz, 3H) ppm; 3C NMR
(100 MHz, CDCls) 6 150.7, 142.2, 141.0, 138.5, 134.0, 132.1, 131.6, 126.7, 114.8, 54.4,
47.6, 34.56, 34.53, 31.9, 29.51, 29.45, 29.32, 29.30, 29.18, 26.5, 22.7, 18.03, 18.01, 14.2,
11.25, 11.20 ppm; HRMS (ESI*) m/z: calcd. for C23sH37Na [M]* 369.3013, Found 369.3015;
(ESI) m/z: calcd. for CH304S [M]; IR (KBr, cm™) 787, 1020, 1061, 1230, 1250, 1460,
2854, 2925.

(E)-1-decyl-2,3,5-trimethyl-4-(m-tolyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
7-C10-MeSOa yellow solid, mp = 83-85 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) § 7.62-7.61 (br, 2H), 7.39 (t, J = 7.7 Hz, 1H), 7.32-7.30 (m,
1H), 4.61 (t, J = 7.6 Hz, 2H), 4.20 (s, 3H), 3.60 (s, 3H), 2.81 (s, 3H), 2.78 (s, 3H), 2.44 (s,
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3H), 1.80 (pt, J = 7.6 Hz, 2H), 1.42-1.34 (m, 14H), 0.86 (t, J = 6.5 Hz, 3H) ppm; 3C NMR
(100 MHz, CDCIls) 6 152.1, 142.1, 140.6, 138.8, 132.8, 132.2, 128.7, 122.6, 119.4, 53.7,
47.0, 34.0, 33.97, 31.4, 29.07, 29.04, 28.85, 28.69, 28.65, 26.1, 22.2, 21.0, 13.7, 10.70,
10.60 ppm; HRMS (ESI*) m/z: calcd. for C23Hs7N4 [M]* 369.3013, Found 369.3013; (ESI
) m/z: calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr, cm™?) 780, 1020, 1090,
1230, 1250, 1460, 2852, 2923.
(E)-1-decyl-2,3,5-trimethyl-4-(p-tolyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
8-C10- MeSOzg, yellow solid, mp = 93-95 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) 6 7.73 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 4.65 (t, J
= 7.6 Hz, 2H), 4.22 (s, 3H), 3.63 (s, 3H), 2.80 (s, 3H), 2.78 (s, 3H), 2.44 (s, 3H), 1.80 (pt,
J=7.2 Hz, 2H), 1.45-1.20 (m, 14H), 0.87 (t, J = 7.0 Hz, 3H) ppm; 3C NMR (100 MHz,
CDClz) 6 150.4, 142.5, 142.1, 140.7, 133.1, 129.8 122.4, 54.0, 47.3, 34.29, 34.24, 31.7,
29.30, 29.26, 29.08, 28.95, 28.93, 26.3, 22.5, 21.43, 21.40, 14.0, 10.93, 10.83 ppm; HRMS
(ESI") m/z: calcd. for C23Hs7Nas [M]* 369.3013, Found 369.3015; calcd. CH304S 110.9758,
Found 110.9751; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr,
cm1) 780, 1020, 1072, 1236, 1250, 1460, 2850, 2928.
(E)-1-decyl-4-((2-methoxyphenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 9-C10- MeSOg, yellow solid, mp = 140-142 °C, yield = 96%.

'H NMR (400 MHz, CDCls3) & 7.60 (dd, J = 8.0 Hz, , J = 1.4 Hz, 1H), 7.51-7.47 (m, 1H),
7.10(d, J=8.2 Hz, 1H), 7.01 (t, J = 7.8 Hz, 1H), 4.70 (t, J = 7.7 Hz, 2H), 4.26 (s, 3H), 3.99
(s, 3H), 3.65 (s, 3H), 2.81 (s, 3H), 2.79 (s, 3H), 1.83-1.76 (0, 2H), 1.40-1.21 (m, 14H), 0.87
(t, J = 6.6 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3) § 157.4, 142.2, 141.7, 140.8, 134.2,
133.7,120.7, 115.8, 112.8, 56.2, 54.2, 47.6, 34.59, 31.8, 29.44, 29.38, 29.23, 29.20, 29.11,
26.4,22.6,14.1,11.1, 11.0 ppm; HRMS (ESI*) m/z: calcd. for C23H37N4O [M]* 385.2962,
Found 385.2967; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr,
cm1) 780, 1020, 1090, 1230, 1240, 1460, 2850, 2932.
(E)-1-decyl-4-((3-methoxyphenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 10-C10- MeSO4, yellow solid, mp = 80-82 °C, yield = 96%.

'H NMR (400 MHz, CDCls) & 7.46-7.39 (m, 2H), 7.31 (m, 1H), 7.01--7.04 (m, 1H), 4.61
(t, J=7.4 Hz, 2H), 4.21 (s, 3H), 3.87 (s, 3H), 3.60 (s, 3H), 2.81 (s, 3H), 2.78 (s, 3H), 1.80
(pt, J=7.6 Hz, 2H), 1.40-1.24 (m, 14H), 0.86 (t, J = 6.3 Hz, 3H) ppm; 3C NMR (100 MHz,
CDCls) 6 160.1, 153.3, 142.3, 140.8, 132.9, 129.7, 117.8, 116.4, 105.6, 55.3, 53.9, 47.2,
34.2, 31.6, 29.20, 29.16, 28.98, 28.83, 26.2, 22.4, 13.9, 10.86, 10.79 ppm; HRMS (ESI")
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m/z: calcd. for C23H37N4O [M]* 385.2962, Found 385.2961; (ESI") m/z: calcd. for CH304S
[M] 110.9758, Found 110.9751; IR (KBr, cm™) 780, 1020, 1090, 1230, 1250, 1460, 2850,
2928.

(E)-1-decyl-4-((4-methoxyphenyl)diazenyl)-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 11-C10- MeSOs, yellow solid, mp = 106-108 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) § 7.82 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H), 4.67 (t, J
= 7.3 Hz, 2H), 4.24 (s, 3H), 3.90 (s, 3H), 3.64 (s, 3H), 2.79 (s, 3H), 2.77 (s, 3H), 1.80 (pt,
J = 6.9 Hz, 2H), 1.41-1.25 (m, 14H), 0.87 (t, J = 6.5 Hz, 3H) ppm; *C NMR (100 MHz,
CDCl3) 6 162.7,146.7,141.8, 140.5, 133.2, 124.4,114.3,55.6, 54.0, 47.4, 34.4, 31.7, 29.32,
29.28, 29.11, 29.07, 28.98, 26.3, 22.5, 14.00, 10.93, 10.90 ppm; HRMS (ESI*) m/z: calcd.
for Ca3H37N4O [M]* 385.2962, Found 385.2961; (ESI") m/z: calcd. for CH30.S [M]
110.9758, Found 110.9751; IR (KBr, cm™?) 780, 1020, 1064, 1216, 1253, 1323, 2855, 2926.
(E)-4-((2-cyanophenyl)diazenyl)-1-decyl-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 12-C10- MeSOs, yellow solid, mp = 86-88 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) & 8.07 -8.04 (m, 2H), 7.77-7.75 (m, 1H), 7.66-7.26 (m, 1H),
4.61 (t,J =7.2 Hz, 2H), 4.21 (s, 3H), 3.58 (s, 3H), 2.83 (s, 3H), 2.80 (s, 3H), 1.80 (pt, J =
7.1 Hz, 2H), 1.40-1.34 (m, 14H), 0.86 (t, J = 6.4 Hz, 3H) ppm; :*C NMR (100 MHz, CDCls)
0 152.1, 143.0, 141.5, 134.3, 132.9, 130.1, 126.9, 125.5 117.8, 113.2, 54.0, 47.5, 34.4, 31.6,
29.26, 29.22, 29.04, 28.88, 28.86, 26.3, 22.4, 13.9, 11.06, 11.03 ppm; HRMS (ESI*) m/z:
calcd. for C23Hz:Ns [M]*™ 380.2809, Found 380.2810; (ESI") m/z: calcd. for CH304S [M]
110.9758, Found 110.9751; IR (KBr,cm™) 788, 1017, 1061, 1222, 1252, 1465, 1533, 2232,
2854, 2925.
(E)-4-((3-cyanophenyl)diazenyl)-1-decyl-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 13-C10- MeSOs, yellow solid, mp = 158-160 °C, yield = 96%.

'H NMR (400 MHz, CDCls) & 7.80 -7.78 (m, 2H), 7.69 (t, J = 7.4 Hz, 1H), 7.58-7.55 (m,
1H), 4.55 (br, 2H), 4.18 (s, 3H), 3.52 (s, 3H), 2.84 (s, 3H), 2.80 (s, 3H), 1.79 (bs, 2H), 1.35-
1.14 (m, 14H), 0.81 (br, 3H) ppm; *C NMR (100 MHz, CDCls) § 153.2, 143.9, 141.8,
133.6, 133.5, 133.4 131.8, 116.8, 116.5, 112.6, 54.1, 47.6, 34.5, 31.7, 29.46, 29.33, 29.29,
29.12, 28.97, 26.4, 22.5, 14.0, 11.45, 11.17 ppm; HRMS (ESI*) m/z: calcd. for CasH34Ns
[M]" 380.2809, Found 380.2809; (ESI) m/z: calcd. for CH304S [M] 110.9758, Found
110.9751; IR (KBr, cm™) 788, 1017, 1061, 1222, 1252, 1465, 1533, 2232, 2854, 2925.
(E)-4-((4-cyanophenyl)diazenyl)-1-decyl-2,3,5-trimethyl-1H-pyrazol-2-ium
methanesulfonate, 14-C10-MeSOs, yellow-orange solid, mp = 108- 110 °C, yield = 96%.
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'H NMR (400 MHz, CDCls): § 7.91 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.4 Hz, 2H), 4.62 (t, J
= 7.6 Hz, 2H), 4.22 (s, 3H), 3.60 (s, 3H), 2.84 (s, 3H), 2.81 (s, 3H), 1.81 (pt, J = 7.4 Hz,
2H), 1.45-1.28 (m, 14H), 0.86 (t, J = 6.6 Hz, 3H) ppm; *C NMR (100 MHz, CDCls): &
154.1, 143.2, 141.6, 133.21, 133.17, 122.9, 118.1, 114.3, 54.0, 47.5, 34.5, 34.4, 31.6, 29.3,
29.2, 29.1, 29.0, 28.9, 26.3, 22.5, 14.0, 11.0 ppm; HRMS (ESI*) m/z: calcd. for C23Hz4Ns
[M]*380.2809, Found 380.2809; (ESI) m/z: calcd. for CH304S [M] 110.9758, Found
110.9751; IR (KBr, cm™) 788, 1017, 1061, 1222, 1252, 1465, 1533, 2232, 2854, 2925.
(E)-1-decyl-2,3,5-trimethyl-4-((2-(trifluoromethyl)phenyl)diazenyl)-1H-pyrazol-2-
ium methanesulfonate, 15-C10- MeSOg, yellow solid, mp = 144-146 °C, yield = 96%.
'H NMR (400 MHz, CDCl3) § 7.90 (d, J = 7.7 Hz, 2H), 7.78-76 (m, 2H), 7.67 (t, J = 7.3
Hz, 2H), 7.62-7.58 (m, 2H), 4.64 (t, J = 7.8 Hz, 2H), 4.22 (s, 3H), 3.62 (s, 3H), 2.83 (s, 3H),
2.80 (s, 3H), 1.81 (pt, J = 7.9 Hz, 2H), 1.42-1.36 (m, 14H), 0.87 (t, J = 6.4 Hz, 3H) ppm;
13C NMR (100 MHz, CDCls) & 148.9, 143.5, 141.6, 133.6, 132.8, 126.1 (q, J = 20 Hz),
126.7 (g9, J =20 Hz), 125.2, 122.5, 115.6, 54.2, 47.6, 34.4, 31.6, 29.27, 29.23, 29.05, 28.89,
28.86, 26.3, 22.5, 13.9, 11.10, 11.04 ppm; °F NMR (376.5 MHz, CDCls) § -58.0; HRMS
(ESI") m/z: calcd. for CasHzsaF3Na [M]* 423.2730, Found 423.2738; (ESI") m/z: calcd. for
CH304S [M] 110.9758, Found 110.9780; IR (KBr, cm™) 780, 1020, 1090, 1230, 1250,
1460, 2857, 2929.
(E)-1-decyl-2,3,5-trimethyl-4-((3-(trifluoromethyl)phenyl)diazenyl)-1H-pyrazol-2-
ium methanesulfonate, 16-C10- MeSOs, yellow solid, mp = 83-85 °C, yield = 96%.

'H NMR (400 MHz, CDCls) & 8.05 (s, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.76-7.74 (m, 1H),
7.67-7.63 (m, 1H), 4.62 (t, J = 7.8 Hz, 2H), 4.22 (s, 3H), 3.59 (s, 3H), 2.84 (s, 3H), 2.81 (s,
3H), 1.81 (pt, J = 7.7 Hz, 2H), 1.39-1.24 (m, 14H), 0.86 (t, J = 6.6 Hz, 3H) ppm; *C NMR
(100 MHz, CDClz) 6 151.8, 142.6, 141.0, 132.6, 131.1 (g, J = 32.4 HZz), 129.6, 127.3, 125.1,
124.6, 121.8, 118.8, 53.4, 47.1, 34.0, 31.2, 28.89, 28.68, 28.51, 28.41, 25.9, 22.1, 13.5,
10.63, 10.56 ppm; F NMR (376.5 MHz, CDCls) § -62.8; HRMS (ESI*) m/z: calcd. for
C23H34F3N4 [M]" 423.2730, Found 423.2733; (ESI") m/z: calcd. for CH304S [M] 110.9758,
Found 110.9751; IR (KBr, cm™?) 780, 1020, 1090, 1230, 1293, 1460, 2850, 2928.
(E)-1-decyl-2,3,5-trimethyl-4-((4-(trifluoromethyl)phenyl)diazenyl)-1H-pyrazol-2-
ium methanesulfonate, 17-C10- MeSOg, yellow solid, mp = 98-100 °C, Yield = 96%.

'H NMR (400 MHz, CDCl3) 6 7.90 (d, J = 8.5 Hz, 2H), 7.81 (d, J = 8.4 Hz, 2H), 4.62 (t, ,
J=7.4Hz, 2H), 4.22 (s, 3H), 3.59 (s, 3H), 2.84 (s, 3H), 2.81 (s, 3H), 1.81 (pt, J = 7.2 Hz,
2H), 1.41-1.19 (m, 14H), 0.86 (t, J = 6.4 Hz, 3H) ppm; *C NMR (100 MHz, CDCls) &
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153.2,143.2,141.6,133.21,133.17,122.9118.1, 114.3,54.0, 47.5, 34.4, 31.6, 29.27, 29.23,
29.05, 28.89, 28.86, 26.3, 22.5, 13.9, 11.10, 11.04 ppm; °F NMR (376.5 MHz, CDCl3) § -
62.8; HRMS (ESI*) m/z: [M]" calcd. for C23Hs4F3N4 423.2730, Found 423.2733; (ESI") m/z:
calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr, cm™?) 780, 1020, 1090, 1230,
1250, 1460, 2850, 2928.
(E)-1-decyl-2,3,5-trimethyl-4-((2-nitrophenyl)diazenyl)-1H-pyrazol-2-ium
methanesulfonate, 18-C10- MeSOys, yellow solid, mp = 173-175 °C, yield = 96%.

'H NMR (400 MHz, CDCl3) & 7.94 (d, J = 7.8 Hz, 1H), 7.73-7.70 (m, 1H), 7.65-7.61 (m,
2H), 4.63 (t, J = 7.5 Hz, 2H), 4.22 (s, 3H), 3.62 (s, 3H), 2.80 (s, 3H), 2.77 (s, 3H), 1.81 (pt,
J = 8.4 Hz, 2H), 1.44-1.22 (m, 14H), 0.87 (t, J = 6.3 Hz, 3H) ppm; *C NMR (100 MHz,
CDCls) 6 147.5, 144.8, 143.7, 141.9, 133.6, 133.3, 131.6, 1214.1, 117.8, 54.1, 47.7, 34.6,
31.8, 29.39, 29.34, 29.18, 29.02, 26.4, 22.6, 14.1, 11.19, 11.04 ppm; HRMS (ESI*) m/z:
calcd. for C22H34Ns02 [M]* 400.2707, Found 400.2714; (ESI) m/z: calcd. for CH304S [M]
110.9758, Found 110.9751; IR (KBr, cm1) 796, 1019, 1061, 1225, 1252, 1376, 1535, 2854,
2924,

(E)-1-decyl-2,3,5-trimethyl-4-((3-nitrophenyl)diazenyl)-1H-pyrazol-2-ium
methanesulfonate, 19-C10- MeSOq, yellow solid, mp = 63-65 °C, yield = 96%.

'H NMR (400 MHz, CDClz) § 8.61 (m, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.72 (t, J = 8.0 Hz,
1H), 4.60 (t, J = 7.3 Hz, 2H), 4.21 (s, 3H), 3.61 (s, 3H), 2.85 (s, 3H), 2.82 (s, 3H), 1.81 (pt,
J=8.4 Hz, 2H), 1.42-1.24 (m, 14H), 0.86 (t, J = 6.5 Hz, 3H), ppm; *C NMR (100 MHz,
CDCIs) 6 152.8, 148.8, 142.2, 133.1, 130.5, 128.8, 125.3, 116.8, 47.6, 34.6, 31.9, 29.57,
29.47, 29.33, 29.26, 29.16, 26.4, 22.7, 14.2, 11.38, 11.25 ppm; HRMS (ESI-TOF) m/z:
calcd. for C22H34NsO2 [M]* 400.2707, Found 400.2708; (ESI") m/z: calcd. for CH304S [M]
110.9758, Found 110.9751; IR (KBr, cm™1) 790, 1019, 1061, 1225, 1252, 1372, 1534, 2856,
2923.

(E)-1-decyl-2,3,5-trimethyl-4-((4-nitrophenyl)diazenyl)-1H-pyrazol-2-ium
methanesulfonate, 20-C10- MeSOa, yellow solid, mp = 152-154 °C, yield = 96%.

'H NMR (400 MHz, CDCls) & 8.39-8.34 (m, 2H), 7.96-7.92 (m, 2H), 4.65-4.61 (m, 2H),
4.22 (s, 3H), 3.62-3.57 (s, 3H), 2.85-2.82 (s, 3H), 2.82 (s, 3H), 1.82 (pt, J = 8.4 Hz, 2H),
1.42-1.25 (m, 14H), 0.88-0.85 (m, 3H) ppm; **C NMR (100 MHz, CDCl3) § 155.5, 149.0,
143.5, 142.0, 133.5, 124.9, 123.0, 54.2, 47.8, 34.7, 31.8, 29.46, 29.42, 29.25, 29.11, 26.5,
22.7,14.1,11.36, 11.32 ppm; HRMS (ESI*) m/z: calcd C22HzsNsO2 [M]* 400.2707, Found
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400.2704; (ESI") m/z: calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr, cm™)
796, 1019, 1061, 1225, 1252, 1378, 1535, 2854, 2922.
(E)-1,2-dimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate, 21-C10-
MeSOya, reddish brown solid, mp = 234-236 °C, yield = 97%.

'H NMR (400 MHz, DMSO-dg) 6 9.21 (s, 2H), 7.87-7.84 (s, 2H), 7.64-7.61 (s, 3H), 4.19
(s, 6H); **C NMR (100 MHz, DMSO-dg) 6 151.6, 137.8, 132.5, 131.5, 13 129.8, 122.6, 37.3
ppm; HRMS (ESI*) m/z: calcd. for C11H13sN4 [M]* 201.1140, Found 201.1140, (ESI") m/z:
calcd. for CH304S [M] 110.9758, Found 110.9751; IR (KBr, cm™?) 780, 1020, 1090, 1230,
1250, 1460, 2850, 2928.
(E)-3,5-diethyl-1,2-dimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium methanesulfonate,
22-C1-MeSOq, reddish brown solid, mp = 227-229 °C, yield = 97%.

'H NMR (400 MHz, DMSO-dg) 6 7.87 -7.85 (m, 2H), 7.64-7.58 (m, 3H), 4.08 (s, 6H), 3.36
(s, 3H), 3.19 (g, J = 8 Hz, 4H), 1.23 (t, J = 8 Hz, 6H) ppm; *C NMR (100 MHz, DMSO-
de) 6 152.2, 145.4,131.9, 131.5, 129.6, 122.3, 33.75, 33.71, 17.6, 12.2 ppm; HRMS (ESI")
m/z: calcd. for C1sH21N4 [M]* 257.1766, Found 257.1764, (ESI") m/z: calcd. for CH304S
[M] 110.9758, Found 110.9751; IR (KBr, cm™) 780, 1020, 1094, 1230, 1250, 1465, 2850,
2925,

(E)-1,2-dimethyl-3,5-diphenyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 23-C1-MeSOq4, reddish solid, mp = 247-245 °C, yield = 97%.

'H NMR (400 MHz, DMSO-dg) & 7.70 (m, 10H), 7.47-7.45 (m, 3H), 7.35-7.33 (m, 2H),
4.10 (s, 6H), 3.36 (s, 3H) ppm; *C NMR (100 MHz, DMSO-ds) & 151.5, 141.4, 132.8,
132.2,131.2, 130.6, 129.5, 128.9, 124.8, 122.0, 52.9, 35.5 ppm; HRMS (ESI*) m/z: calcd.
for C23H21N4 [M]7353.1766, Found 353.1764, (ESI") m/z: calcd. for CH304S [M] 110.9758,
Found 110.9751; IR (KBr, cm™) 780, 1020, 1090, 1230, 1250, 1460, 2852, 2928, 2957.
(E)-4-((2-fluorophenyl)diazenyl)-1,2-dimethyl-3,5-diphenyl-1H-pyrazol-2-ium
methanesulfonate, 24-C1-MeSOQa, reddish brown solid, mp = 254-256 °C, yield = 97%.
'H NMR (400 MHz, DMSO-dg) & 7.67-7.71 (m, 10H), 7.56-7.49 (m, 1H), 7.35-7.28 (m,
2H), 7.24-7.20 (m, 1H), 4.08 (s, 6H), 3.36 (s, 3H) ppm; *C NMR (100 MHz, DMSO-ds) §
160.4 (d, J =257 Hz), 141.8, 139.5 (d, J = 7 Hz), 134.4 (d, J = 8 Hz), 133.3, 131.4, 130.6,
129.1, 125.1 (d, J = 19 Hz), 124.7, 117.4 (d, J = 19 Hz), 116.8, 53.0, 35.7 ppm; °F NMR
(376.5 MHz, DMSO-dg): 6 -123.4 ppm; HRMS (ESI*) m/z: calcd. for CosHoN4sF [M]*
371.1672, Found 371.1679, (ESI) m/z: calcd. for CH304S [M] 110.9758, Found 110.9751;
IR (KBr, cm™) 780, 1020, 1090, 1230, 1250, 1460, 2852, 2928, 2957.
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3B.5 Conclusions

We have developed a new class of highly water soluble arylazopyrazolium-based
ionic photoswitches (AAPIPs). The AAPIPs exhibit excellent bidirectional photoswitching
in both organic and aqueous media along with long term photoswitching stability. More
interestingly, the photoswitching ability and thermal stability of Z-isomers can be tuned by
electronic and/or steric substitutions at the aryl group and the pyrazolium ring, solvents, and
pH. The quantitative forward photoisomerization, moderate to good reverse
photoisomerization, the resulting bistability and bidirectional photoswitching, tolerance
towards lipophilic groups at the pyrazolium nitrogen, exceptional Z-isomer stability,
tolerance to a wide range of pH, scope for various substitutions, and stability towards azo
reductase glutathione (GSH) are some of the important salient features of this AAPIPs. All
these features make this class of photoswitches a suitable candidate for variety of
applications including photopharmocology. By a structure-activity relationship, we
identified key features improving both photochemical switching and thermal stability of the
Z-form. These factors were synergically combined to develop AAPIPs with exceptionally
stable Z-form (up to 573 days in DMSO) with high photostationary states of forward (E-Z,

up to 98%) and reverse (Z-E, up to 89%) photoisomerization.
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Appendix 3B
3B.1. Analysis of photoswitching and thermal stability: UV-Vis spectroscopy
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Figure 3B.1. Photoswitching behaviour of 1-C1-MeSOas. (a) Forward and reverse
photoisomerization (61.9 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization kinetics at 80 °C in H2O (68.5 uM,
monitored at A=315 nm); (c) Forward and reverse photoisomerization (52.3 uM) and the insert
plot depicts estimation of molar absorption coefficient in DMSO; (d Thermal Z-E
isomerization kinetics at 90 °C in DMSO (48.0 uM, monitored at A=325 nm), (e) Thermal Z-
E isomerization kinetics at 80 °C in DMSO (48.0 uM, monitored at A=325 nm).
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Figure 3B.2. Photoswitching behaviour of 1-C2-MeSOas. (a) Forward and reverse
photoisomerization (47.3 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization Kinetics at 80 °C in H20 (50.7 uM,
monitored at A=320 nm); (c) Forward and reverse photoisomerization (102.7 uM) and the
insert plot depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E
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Photoswitching behaviour of 1-C4-MeSOs4 (a) Forward and reverse
photoisomerization (30.4 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization kinetics at 80 °C in H2O (36.6 uM,
monitored at =320 nm); (c) Forward and reverse photoisomerization (43.2 uM) and the insert
plot depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E
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Figure 3B.4. Photoswitching behaviour of 1-C6-MeSOas. (a) Forward and reverse
photoisomerization (60.6 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 80 °C in H20 (76.5 uM, monitored
at A=320 nm); (c¢) Forward and reverse photoisomerization (165.6 uM) and the insert plot
depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization
kinetics at 90 °C (185.3 uM, monitored at A=325 nm).
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Figure 3B.5. Photoswitching behaviour of 1-C8-MeSOas. (a) Forward and reverse
photoisomerization (37.6 uM in H20), and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 80 °C in H20 (40.9 uM, monitored
at A=320 nm); (c) Forward and reverse photoisomerization (40.8 uM) and the insert plot
depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization
kinetics at 90 °C in DMSO (59.7 uM, monitored at A=325 nm).
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Figure 3B.7. Photoswitching behaviour of 1-C12-MeSOs4. (a) Forward and reverse
photoisomerization (63.5 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 80 °C in H20 (62.3 uM, monitored
at A=320 nm); (c) Forward and reverse photoisomerization (61.9 uM) and the insert plot
belongs to estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E
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Figure 3B.8. Photoswitching behaviour of 1-C18-MeSOs (a) Forward and reverse
photoisomerization (49.7 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 80 °C in H20 (20.6 uM, monitored
at A=320 nm); (c) Forward and reverse photoisomerization (50.5 uM) and the insert plot
depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization
at 80 °C in DMSO (21.7 uM, monitored at A=325 nm).
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Figure 3B.9. Photoswitching behaviour of 2-C10-MeSOs4. (a) Forward and reverse
photoisomerization (45.6 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 90 °C in DMSO (47.9 uM,
monitored at A=317 nm); (c) Forward and reverse photoisomerization (33.9 uM) and the insert
plot depicts estimation of molar absorption coefficient in H20.
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Figure 3B.10. Photoswitching behaviour of 3-C10-MeSOs4. (a) Forward and reverse
photoisomerization (41.0 uM in DMSQ), and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 90 °C in DMSO (46.9 uM,
monitored at A=333 nm); (c) Forward and reverse photoisomerization (47.1 uM) and the insert
plot depicts estimation of molar absorption coefficient in H20.
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Figure 3B.11. Photoswitching behaviour of 4-C10-MeSOs. (a) Forward and reverse
photoisomerization (40.5 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 90 °C in DMSO (51.2 uM,
monitored at A=325 nm); (c) Forward and reverse photoisomerization (49.0 uM) and the insert
plot depicts estimation of molar absorption coefficient in H20.
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Figure 3B.12. Photoswitching behaviour of 5-C10-MeSOs4. (a) Forward and reverse
photoisomerization (51.6 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomer stability at 90 °C in DMSO (49.4 uM,
monitored at A=327 nm); (c) Forward and reverse photoisomerization and the insert plot
depicts estimation of molar absorption coefficient in H20 (33.9 uM).
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Figure 3B.13. Photoswitching behaviour of 6-C10-MeSOs. (a) Forward and reverse
photoisomerization (49.7 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (57.8 uM, monitored
at A=335 nm); (c¢) Forward and reverse photoisomerization (60.2 pM) and the insert plot

depicts estimation of molar absorption coefficient in H20.
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Figure 3B.14. Photoswitching behaviour of 7-C10-MeSOs4. (a) Forward and reverse
photoisomerization (38.3 pM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (37.8 uM, monitored
at A=330 nm); (c) Forward and reverse photoisomerization (54.0 uM) and the insert plot
depicts estimation of molar absorption coefficient in H2O.
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Figure 3B.15. Photoswitching behaviour of 8-C10-MeSOs. (a) Forward and reverse
photoisomerization (28.5 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (30.2 uM, monitored
at A=334 nm); (c) Forward and reverse photoisomerization (37.9 uM) and the insert plot
depicts estimation of molar absorption coefficient in H20.
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Figure 3B.16. Photoswitching behaviour of 9-C10-MeSOas. (a) Forward and reverse
photoisomerization (38.7 uM in DMSQO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (47.5 uM, monitored
at A=363 nm); (c) Forward and reverse photoisomerization (67.2 uM) and the insert plot
depicts estimation of molar absorption coefficient in HzO.
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Figure 3B.17. Photoswitching behaviour of 10-C10-MeSOs. (a) Forward and reverse
photoisomerization (106.6 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (100.2 pM,
monitored at =320 nm); (c) Forward and reverse (52.2 uM) photoisomerization and the insert
plot depicts estimation of molar absorption coefficient in H20.
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Figure 3B.18. Photoswitching behaviour of 11-C10-MeSOa4. (a) Forward and reverse
photoisomerization (31.1 uM in DMSQO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (36.9 uM, monitored
at A=349 nm); (c) Forward and reverse photoisomerization (43.9 uM). and the insert plot
depicts estimation of molar absorption coefficient in H2O.
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Figure 3B.19. Photoswitching behaviour of 12-C10-MeSOas. (a) Forward and reverse
photoisomerization (59.8 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (64.2 uM, monitored
at A=325 nm); (c¢) Forward and reverse photoisomerization (47.0 pM) and the insert plot
depicts estimation of molar absorption coefficient in H20.
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Figure 3B.20. Photoswitching behaviour of 13-C10-MeSOas. (a) Forward and reverse
photoisomerization (64.5 pM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (55.5 uM, monitored
at A=335 nm); (c) Forward and reverse photoisomerization (72.2 uM) and the insert plot
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Photoswitching behaviour of 14-C10-MeSOs. (a) Forward and reverse
photoisomerization (29.7 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (25.5 uM, monitored
at A=327 nm); (c¢) Forward and reverse photoisomerization (25.8 uM) and the insert plot
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Figure 3B.22. Photoswitching behaviour of 15-C10-MeSOs4 (a) Forward and reverse
photoisomerization (47.0 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Z-isomer stability at 90 °C in DMSO (46.1 uM, monitored at A=325
nm); (c) Forward and reverse photoisomerization (41.1 uM) and the insert plot depicts
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Photoswitching behaviour of 16-C10-MeSOa. (a) Forward and reverse
photoisomerization (40.9 uM in DMSOQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (34.6 uM, monitored
at A=320 nm); (c) Forward and reverse photoisomerization (44.9 uM) and the insert plot
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Figure 3B.24. Photoswitching behaviour of 17-C10-MeSOas. (a) Forward and reverse
photoisomerization (43.5 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (36.6 uM monitored
at A=320 nm); (c) Forward and reverse photoisomerization (54.4 uM) and the insert plot
depicts estimation of molar absorption coefficient in H2O.
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Figure 3B.25. Photoswitching behaviour of 18-C10-MeSOa4. (a) Forward and reverse
photoisomerization (27.0 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 25 °C in DMSO (25.5 uM, monitored
at A=325 nm); (c) Forward and reverse photoisomerization (21.1 pM) and the insert plot
depicts estimation of molar absorption coefficient in H20.
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Figure 3.26. Photoswitching behaviour of 19-C10-MeSOs. (a) Forward and reverse
isomerization (16.9 uM in DMSO) and the insert plot depicts estimation of molar absorption
coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (19.3 uM, monitored at A=318
nm); (c¢) Forward and reverse photoisomerization (31.5 pM and the insert plot depicts
estimation of molar absorption coefficient in H20).
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Figure 3B.27. Photoswitching behaviour of 20-C10-MeSO4. (a) Forward and reverse
photoisomerization (71.6 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (80.2 uM monitored
at A=337 nm); (c) Forward and reverse photoisomerization (72.6 uM) and the insert plot
depicts estimation of molar absorption coefficient in w H20.
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Figure 3B.28. Photoswitching behaviour of 21-C10-MeSOas. (a) Forward and reverse
photoisomerization (28.1 uM in H20) and the insert plot depicts estimation molar absorption
coefficient; (b) Thermal Z-E isomerization at 80 °C in H20 (50.6 uM, monitored at A=315
nm); (c¢) Forward and reverse photoisomerization (28.1 uM) and the insert plot depicts
estimation of molar absorption coefficient in DMSO; (d) Z-isomer stability at 90 °C in DMSO
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Figure 3B.29. Photoswitching behaviour of 22-C10-MeSOa4. (c) Forward and reverse
photoisomerization (82.2 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 80 °C in H20 (71.6 uM, monitored
at A=320 nm); (c) Forward and reverse photoisomerization (153.8 uM) and the insert plot
depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization
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Figure 3B.30. Photoswitching behaviour of 23-C10-MeSOas. (a) Forward and reverse
photoisomerization (94.6 uM in H2O) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 80 °C in H20 (83.0 uM, monitored
at A=325 nm); (c¢) Forward and reverse photoisomerization and the insert plot depicts
estimation of molar absorption coefficient (221.3 pM) in DMSO; (d) Thermal Z-E
isomerization kinetics at 90 °C in DMSO (217.4 uM, monitored at A=330 nm).
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Figure 3B.31. Photoswitching behaviour of 24-C10-MeSOa4. (a) Forward and reverse
photoisomerization (122.7 pM in DMSO) and inserted plot depcits estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (142.7 uM,
monitored at A=340 nm); (c) Forward and reverse photoisomerization (37.9 uM) and the insert
plot depicts estimation of molar absorption coefficient in H20.
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Figure 3B.32. Photoswitching behaviour of 1-C1-Cl. (a) Forward and reverse
photoisomerization (71.4 uM in H20) and the insert plot depicts molar absorption coefficient
in; (b) Thermal Z-E isomerization at 80 °C in H20 (81.0 uM, monitored at A=320 nm). (c)
Forward and reverse photoisomerization (84.8 uM) and the insert plot depicts estimation of
molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization stability at 90 °C in
DMSO (81.0 uM, monitored at A=320 nm).
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Figure 3B.33. Photoswitching behaviour of 1-C1-SCN. (a) Forward and reverse
photoisomerization (104.1 uM in H20) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 80 °C in H20 (108.9 uM, monitored

at A=320 nm); (c) Forward and reverse photoisomerization (144.6 uM) and the insert plot
depicts estimation of molar absorption coefficient in DMSO; (d) Thermal Z-E isomerization

stability at 90 °C in DMSO (149.3 uM, monitored at A=325 nm).
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Figure 3B.34. Photoswitching behaviour of 1-C1-BFas. (a) Forward and reverse
photoisomerization (47.3 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (48.1 uM, monitored

at A=325 nm).
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Figure 3B.35. Photoswitching behaviour of 1-C1-PFs. (a) Forward and reverse
photoisomerization (34.7 uM in DMSO) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (33.3 uM, monitored

at A=325 nm).
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Figure 3B.36. Photoswitching behaviour of 1-C1-BPhs. (a) Forward and reverse
photoisomerization (46.8 uM in DMSQ) and the insert plot depicts estimation of molar
absorption coefficient; (b) Thermal Z-E isomerization at 90 °C in DMSO (49.0 uM, monitored

at A=325 nm).
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3B.2. Variable temperature Kinetics studies and evaluation of activation parameters
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Figure 3B.2.1. Variable temperatures reverse Z-E isomerization kinetics of 1-C10-MeSOz in
DMSO at (a) 85 °C; (b) 90 °C; (c) 95 °C, and (d) 100 °C.
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Figure 3B.2.2. (a) Eyring plot, and (b) Arrhenius plot for 1-C10-MeSO4 in DMSO; (c)
Extrapolation of Arrhenius plot for 1-C10-MeSO4 in DMSO to room temperature (298 K).
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Figure 3B.2.3. Variable temperatures reverse Z-E isomerization kinetics of 1-C12-MeSOx4 in
DMSO at (a) 85 °C; (b) 90 °C; (c) 95 °C, and (d) 100 °C.
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Figure 3B.2.4. (a) Eyring plot, and (b) Arrhenius plot for 1-C12-MeSO4 in DMSO, (c)
Extrapolation of Arrhenius plot for 1-C12-MeSO4 in DMSO to room temperature (298 K).
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Figure 3B.2.5. Variable temperatures reverse Z-E isomerization kinetics of 1-C12-MeSOz in
DMSO. (a) 85 °C; (b) 90 °C; (c) 95 °C, and (d) 100 °C.
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3B.3. Solvent effects and long-term stability
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Figure 3B.3.1. Photoswitching behaviour of 1-C1-MeSOuin (a) MeCN (52.6 uM), (b) MeOH

(60.4 uM), and (c) CHCI3 (28.1 uM). {For forward E-Z photoisomerization: 340 nm (15 min)
and for reverse Z-E photoisomerization: 435 nm (15 min)}.
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Figure 3B.3.2. Photoswitching behaviour of 20-C10-MeSO4 (a) in MeCN (50.7 uM), (b) in
MeOH (63.9 uM), (c) in CHCI3 (43.1 uM), (d) in THF (52.6 uM), (e) in Toluene (47.6 uM).
{For forward E-Z photoisomerization. 340 nm (15 min) and for reverse Z-E
photoisomerization: 435 nm (15 min)}.
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Figure 3B.3.3. Long-term stability of 1-C1-MeSOain (a) DMSO (52.3 uM), (b) MeCN (52.6
uM), and (c) MeOH (65.9 uM). {For forward E-Z photoisomerization: 340 nm (15 min) or
365 nm (2 min, in DMSO only) and for reverse Z-E photoisomerization: 435 nm (15 min);
Both the steps were alternatively performed over 10 cycles}.

3B.4. Photoisomerization quantum yields
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Figure 3B.4.1. UV-Vis studies for quantum yield of derivative 1-C1-MeSO4 in MeCN (a)
Estimation of molar absorption coefficient at 340 nm; (b), (c), and (d) Kinetics plot of forward
isomerization at 340 nm irradiation.
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Figure 3B.4.2. UV-Vis studies for quantum yield of derivative 1-C1-MeSO4 in MeCN (a)
Estimation of molar absorption coefficient at 355 nm; (b), (c), and (d) Kinetics plot of forward
isomerization at 355 nm irradiation.
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Figure 3B.4.3. UV-Vis studies for quantum yield of derivative 21-C1-MeSO4 in MeCN (a)
Estimation of molar absorption coefficient at 340 nm; (b), (c), and (d) Kinetics plot of forward
isomerization at 340 nm irradiation.
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Figure 3B.4.4. UV-Vis studies for quantum yield of derivative 1-C1-MeSO4 in MeCN (a)
Estimation of molar absorption coefficient at 355 nm; (b), (c), and (d) Kinetics plot of forward
isomerization at 355 nm irradiation.
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Figure 3B.4.5. UV-Vis studies for quantum yield of derivative 23-C1-MeSO4 in MeCN (a)
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isomerization at 355 nm irradiation.
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Figure 3B.4.6. UV-Vis studies for quantum yield of derivative 23-C1-MeSO4 in MeCN (a)
Estimation of molar absorption coefficient at 365 nm; (b), (c), and (d) Kinetics plot of forward

isomerization at 365 nm irradiation.

3B.5. Kinetics studies: *H-NMR Spectroscopy
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Figure 3B.5.1. Thermal reverse (Z-E) isomerization kinetics of 21-C1-MeSOs in D20 (27.8
mM) at 80 °C followed by H-NMR spectroscopy (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-
isomers; The corresponding time of measurements are indicated.).
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Figure 3B.5.2. Thermal reverse (Z-E) isomerization kinetics of 21-C1-MeSOQOs in D20 (27.8
mM) at 80 °C fitted to first order decay with an exponential fit.
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Figure 3B.5.3. Thermal reverse (Z-E) isomerization kinetics of 1-C1-MeSO4 in D20 (25.4
mM) at 80 °C followed by H-NMR spectroscopy. (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-

isomers; The corresponding time of measurements are indicated.).
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Figure 3B.5.4. 'H NMR kinetics study fitted to first order decay of 21-C1-MeSO4 at 80 °C
(25.4 mM).
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Figure A5.5. Thermal reverse (Z-E) isomerization kinetics of 1-C1-MeSOs in DO (25.4
mM) at 95 °C followed by 'H-NMR spectroscopy. (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-
isomers; The corresponding time of measurements are indicated.)
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Figure 3B.5.6. 'H NMR kinetics study fitted to first order decay of 1-C1-MeSO4 at 95 °C
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Figure 3B.5.7: Thermal reverse (Z-E) isomerization kinetics of 1-C1-MeSOa in D20 (25.4
mM) at 100 °C followed by H-NMR spectroscopy. (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-
isomers; The corresponding time of measurements are indicated.).

144

-10 4

(a)

Equation yrasbx

Weight
| Residual Sum of
Squares
|Pearson's
|Aq. Rsquare

8

No Weightin
000705
09985
09939
Value

2851399
-13642.7669

Inteccept
Siope

Standard Erro

205479
748.69216

In(k/T)

o “@n
MesO, |1 ,

N
N

T
0.0027

T
0.0028

Ut (K1)

1-C1-MeSO, @

-15 4

Equaton

164 |s

yeareE
Wagnt NoWeigntng
Resicuol um of 000701
Squares

tercest
sicpe.

(b)

098842
09597

2
-13280.83604

T
0.00268

T
0.00272

-184

In(k/T)

-204

224

-14 - \
-16 4

—e—YIn

® YOut|

T T T
0.00276 0.00280 0.00284

Ut (K
(c)

t,/, at rt = 169 days

0.0028 0.0030 0.0032 0.0034
1T (k1)

Figure 3B.5.8: (a) Arrhenius plot for 1-C1-MeSOu4 in D20; (b) Eyring plot; (c) Extrapolation
of Erying plot for 1-C1-MeSOQOs in D20 to room temperature (298 K).

Table 3B.5.1. Activation parameters and room temperature rate constant for the Z-E thermal

reverse isomerization of 1-C1-MeSO4 in DMSO

S.No. Compound Ea AH? AS? AG! Rate
(kd/mol) (kJ/mol) (J/K mol) (kJ/mol) constants,
k(s
1. 1-C1-MeSO4 | 113.4+6.2 110.4 £ 6.2 -17.8 + 118.7+11.3 47x108
17.0
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Figure 3B.5.9. Thermal reverse (Z-E) isomerization kinetics of 22-C1-MeSOa4 in D,0O (23.8
mM) at 80 °C followed by H-NMR spectroscopy. (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-
isomers; The corresponding time of measurements are indicated.)
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Figure 3B.5.10. *H NMR Kkinetics study fitted to first order decay of 22-C1-MeSOs4 at 80 °C
(23.8 mM).
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Figure 3B.5.11. Thermal reverse (Z-E) isomerization kinetics of 23-C1-MeSOa4 in D20 (19.5
mM) at 80 °C followed by H-NMR spectroscopy. (The normalized integral values
corresponding to the N-methyl protons were used for deducing the composition of E- and Z-
isomers; The corresponding time of measurements are indicated.)
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Figure 3B.5.12. ! H NMR kinetics study of 23-C1-MeSO4 at 80 °C (19.5 mM)

Table 3B.5.2.
S.No. Compound Temperature (°C) Rate constant (102 min™)
1. 1-C1-MeSOs4 80 0.2+0.01
2. 21-C1-MeSOq4 80 0.1+0.01
3. 22-C1-MeSOq4 80 0.4+0.01
4, 23-C1-MeSOq4 80 0.3+0.01

3B.6. Quantification of photoisomers: 'H NMR spectroscopy

Table 3B.6.1. The PSS composition of E- and Z- isomers of AAPIPs at the forward and
reverse photoisomerization steps estimated by *H-NMR spectroscopy.

Compound Wavelength %E %Z Conc. Protons for
(nm) (mM) integration
1-C1-MeSOq4 340 3 97 25.4 N-Me
435 79 21
1-C2-MeSOq4 340 2 98 27.2 N-Me
435 76 24
1-C4-MeSOq4 340 11 89 185 N-Me
435 75 25
1-C6-MeSO4 340 14 86 191 N-Me
435 76 24
1-C8-MeSOq4 340 12 88 16.2 N-Me
435 76 24
1-C10-MeSO4 340 13 87 16.4 N-Me
435 72 28
1-C12-MeSOq 340 7 93 17.3 N-Me
435 81 19

197



1-C18-MeSO4 340 10 90 8.1 N-Me
435 76 24

2-C1-MeSOq 340 6 93 20.1 N-Me
435 76 31

3-C1-MeSOq 340 12 88 22.4 N-Me
435 77 23

4-C1-MeSOq4 340 7 93 20.1 N-Me
435 80 20

5-C1-MeSO, 340 7 93 14.6 N-Me
435 75 25

6-C1-MeSOq 340 6 94 24.1 N-Me
435 69 31

7-C1-MeSOq 340 15 85 19.7 N-Me
435 78 22

8-C1-MeSOq 365 24 76 20.1 N-Me
490 80 20

9-C1-MeSOq 340 13 87 17.3 O-Me
435 51 49

10-C1-MeSO4 340 6 84 16.1 O-Me
435 69 31

11-C1-MeSO4 365 6 94 18.1 O-Me
490 89 11

12-C1-MeSO4 340 9 91 21.2 N-Me
435 77 23

13-C1-MeSO4 340 5 95 13.1 N-Me
435 75 25

14-C1-MeSO4 340 2 98 16.4 N-Me
435 70 30

15-C1-MeSO4 340 3 97 13.7 N-Me
435 77 23

16-C1-MeSO4 340 3 97 14.6 N-Me
435 74 26

17-C1-MeSO4 340 19 81 6.1 N-Me
435 74 26

18-C1-MeSO4 340 a a a a
435 a a

19-C1-MeSO4 340 68 32 18.1 N-Me
435 70 30

20-C1-MeSOq 340 38 62 7.1 N-Me
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435 b b

21-C1-MeSO4 340 12 88 27.8 N-Me
435 67 33

22-C1-MeSO4 340 7 93 23.8 N-Me
435 78 22

23-C1-MeSO4 365 15 85 19.5 N-Me
435 77 23

24-C1-MeSOq 365 11 89 18.1 N-Me
435 24 76

1-C1-Cl 340 10 90 25.3 N-Me
435 73 27

1-C1-SCN 340 13 87 23.1 N-Me
435 75 25

1-C1-BF+° 340 10 90 27.4 N-Me
435 76 24

1-C1-PFe° 340 10 90 20.2 N-Me
435 25 75

1-C1-BPhs° 340 11 89 17.7 N-Me
435 75 25

Blue-shaded rows represent forward (E-Z) photoisomerization steps, whereas the rows
without shading represent that of reverse (Z-E) photoisomerization step; ®No
photoisomerization; °Not determined due to fast thermal relaxation; “Photoswitching studies

performed in DMSO-ds.

£3
©
\/
(9 435 nm 1 ‘
e I |
78 76 74 72 70 68 66 64 xpl‘n‘ 48 46 44 42 40 38 ppm 30 25 20 15 ppm
_—
8 3
& o
[
340 nm
OV Bl JL A l
78 76 74 72 70 68 66 64 spm | 48 46 44 42 40 38 ppm 30 25 20 15  ppm
) [
B
e \NQNI g
MeSO, M
N
N
1-C1-MeSO, @
(a) o I ]

r
78 76 74 7.2 7.0 68 66 64 ppm 48 46 44 42 40 38 ppm

—
ppm

Figure 3B.6.1. Estimation of PSS composition using *H NMR spectroscopy of 1-C1-MeSOa
(D20, 25.4 mM). (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min). (Normalized integral values of selected protons are indicated for E- and

Z-isomers.)
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Figure 3B.6.2. Estimation of PSS composition using *H NMR spectroscopy of 1-C2-MeSQOa
(D20, 27.2 mM). (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
Z-isomers.)
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Figure 3B.6.3. Estimation of PSS composition using *H NMR spectroscopy of 1-C4-MeSOa
(D20, 18.5 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
Z-isomers.)
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Figure 3B.6.4. Estimation of PSS composition using *H NMR spectroscopy of 1-C6-MeSQOa
(D20, 19.1 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
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Figure 3B.6.5. Estimation of PSS composition using *H NMR spectroscopy of 1-C8-MeSOa4
(D20, 16.2 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
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Figure 3B.6.6. Estimation of PSS composition using *H NMR spectroscopy of 1-C10-MeSQa
(D20, 16.4 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
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Figure 3B.6.7. Estimation of PSS composition using *H NMR spectroscopy of 1-C12-
MeSOs (D20, 17.3 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)
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Figure 3B.6.8. Estimation of PSS composition using *H NMR spectroscopy of 1-C18-MeSQa
(D20, 8.1 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
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Figure 3B.6.9. Estimation of PSS composition using *H NMR spectroscopy of 2-C10-MeSOa
(D20, 20.1 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after irradiation
at 435 nm (45 min); (Normalized integral values of selected protons are indicated for E- and
Z-isomers.)
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Figure 3B.6.10. Estimation of PSS composition using *H NMR spectroscopy of 3-C10-
MeSOs (D20, 22.4 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)
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Figure 3B.6.12. Estimation of PSS composmon using *H NMR spectroscopy of 5-C10-
MeSOs (D20, 14.6 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after

irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
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Figure 3B.6.13: Estimation of PSS composﬂion using *H NMR spectroscopy of 6-C10-
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irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)

205



—3.973
=~-3.890

(0 435 nm ‘r
L. - ¥ l _LJ:L_...A,.._AM

T
8.0 70|1

4 35 ppm 25 2EI 15
rmrm
B b
P
RI&
w0 o
©0 o
Sa
< ™
Il
(b) 340 nm J l' ] J l
- | A N N
r T T T - T y T T T T T T d
7.5 7.0 6.5 ) as 4.0 a5 ppm 25 20 15 1.0 ppm
2|5
CioHzq wlg
\@ N e
S 2
MeSO‘ &
I
7-C10-MeSO, @M,
(a)
r r
8 ,5 TD ppm .0 35 ppm 25 20 15

Figure 3B.6.14. Estimation of PSS composmon using *H NMR spectroscopy of 7-C10-
MeSOq4 (D20, 19.7 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min). (Normalized integral values of selected protons are indicated

for E- and Z-isomers.)

M 490 nm J\ I I

T ma
8.0 70 | X a0 35 ppm 25 20 15

(b) 365 nm
IR B B .

——3.966
~~3.915

—3.993 g0.38 - ?
— ~~3.906 19.62/7

.
- A
T T T L T T T 1 r T T T T 1
8.0 75 70 § 45 40 35  ppm 25 20 15 ppm
CoH g'ﬁ
\@ N 10721 :E
-
MeSO, '/

—3.951

Y

r r T r T d
B TD ppm 4.0 35 ppm 25 ZD 15 ppm

Figure 3B.6.15. Estlmatlon of PSS composmon using *H NMR spectroscopy of 8-C10-
MeSO4 (D20, 20.1 mM) (a) before irradiation; (b) after irradiation at 365 nm (1 h); (c) after
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for E- and Z-isomers.)
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Figure 3B.6.16. Estimation of PSS composmon using *H NMR spectroscopy of 9-C10-
MeSOs (D20, 17.3 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after

irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)
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Figure 3B.6.17. Estimation of PSS composition using *H NMR spectroscopy of 10-C10-
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Figure 3B.6.19. Estlmatlon of PSS composmon using *H NMR spectroscopy of 12-C10-
MeSOs (D20, 21.2. mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)
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Figure 3B.6.22. Estimation of PSS composmon using *H NMR spectroscopy of 15-C18-
MeSOq4 (D20, 13.7 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers
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Figure 3B.6.33. Estimation of PSS composition using *H NMR spectroscopy of 1-C1-BF4
(DMSO-ds, 27.4 mM) (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c) after
irradiation at 435 nm (45 min); (Normalized integral values of selected protons are indicated
for E- and Z-isomers.)
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for E- and Z-isomers.)
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3B.7. Concentration dependency on photoisomerization: *H NMR spectroscopy
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Figure 3B.7.1. Estimation of PSS composmon using 1H NMR spectroscopy of 1-C1-MeSOq4
(DMSO-de) at different concentrations: (a) before irradiation (209.1 mM), (b) after irradiation
at 365 nm (209.1 mM), (c) after irradiation at 435 nm (209.1 mM); (d) before irradiation (19.0
mM), (e) after irradiation at 365 nm (19.0 mM); (f) after irradiation at 435 nm (19.0 mM); (g)
before irradiation (8.0 mM), (h) after irradiation at 365 nm (8.0 mM); (i) after irradiation at
435 nm (8.0 mM). (Normalized integral values of selected protons are indicated for E- and Z-
isomers.)
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Figure 3B.7.2: Estimation of PSS composition using *H NMR spectroscopy of 1-C1-MeSOa
(D20) at different concentrations: (a) before irradiation (225.7 mM), (b) after irradiation at
340 nm (225.7 mM), (c) after irradiation at 435 nm (225.7 mM); (d) before irradiation (20.5
mM), (e) after irradiation at 340 nm (20.5 mM); (f) after irradiation at 435 nm (20.5 mM); (g)
before irradiation (8.7 mM), (h) after irradiation at 340 nm (8.7 mM); (i) after irradiation at
435 nm (8.7 mM). (Normalized integral values of selected protons are indicated for E- and Z-
isomers.)

3B.8. Effect of pH: UV-Vis spectroscopic studies
Buffer solutions ranging from pH 6-13 were prepared by adding NaOH (10 M) to solutions of
phosphate buffer (pH = 6.65) and from pH 2-6 by adding standard HCI. The pH of the prepared

217



solutions was measured with a Oaklon PH550 Benchtop pH Meter. All solution were prepared

in Milli-Q water.
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Figure 3B.8.1. UV-Vis photoswitching studies of compound 1-C1-MeSO4 in (a) saturated
solution of NaCl, and in the buffer solutions at various pH (b) at pH = 4.6; (c) at pH = 7.2 and
(d) at pH = 10.6; {for forward photoisomerization step, 365 nm and for the reverse
isomerization 435 nm wavelengths of light were used; The inserts correspond to
photoswitching stability test over five cycles in the forward and reverse isomerization
sequences}; (e) Kinetcis studies at 80 °C in saturated NaCl solution.
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Figure 3B.8.2. Thermal Z-E isomerization kihétics studies followed by UV-Vis spectroscopy
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Figure 3B.8.3. Variable temperature thermal Z-E isomerization kinetics studies followed by
UV-Vis spectroscopy of compound 21-C1-MeSO4 at pH = 12.30; (a) at 35 °C, (b) at 40 °C,
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Figure 3B.8.5. Thermal Z-E isomerization kinetics studies followed by UV-Vis spectroscopy
of compound 1-C1-MeSO4 at pH (a) = 8.20, (b) =8.74, (c) = 8.98, (d) =9.69, (e) = 10.00, (f)

=10.45.

220



0.5 05
(a) (b)
3
£ 0.4 4 g 0.7 4
o pH = 2.04 € pH = 6.65
2 a
8 5 ExpGrol
Model ExpGrot @ 06 Model .
< 0.3 Equation y =Alexp{xiti) +y0 | <] 2 | Equation y = Alexp(xitl) + yo
t 19414138 £ 0.04467 | MeSO, cp, |u +195.33159 £ 0.07525
Adj. R-Square 0.99999 | \N 3 N’ Adj. R-Square 0.99997
Et  0.51
0.2 )'\’e_
Et
N
T T T T T T T T T N‘- r T T T T T
0 100 200 300 400 500 600 700 800 0 200 400 600 800 1000
Time (min) @ Time (min)
22-C1- MeSO,
1.4
0s{ (d
(o) (d)
1.24 054
@ (] X
2 = g H=10.51
H P H=8.98 g p
£ 2 Model ExpGro1 |
2 © Equation y = At*exp(xitl) + y0
@ 1.04 Model ExpGroi ] 0.4
2 Equation y = Af*exp(x/tl) + y0 2 |Ad). R-Square 0.99996
13l -185.58171 £ 0.07243 <
Adj. R-Square 0.99997
0.3
0.8
0 200 400 600 800 1000 0 200 400 600 800
Time (min) Time (min)

Figure 3B.8.7. Thermal Z-E isomerization kinetics studies followed by UV-Vis spectroscopy
of compound 22-C1-MeSO4 at pH (a) = 2.04, (b) = 6.65, (c) = 8.98, (d) = 10.51.
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Figure 3B.8.8. Thermal Z-E isomerization kinetics studies followed by UV-Vis spectroscopy
of compound 22-C1-MeSO4 at pH (a) = 10.95, (b) = 11.65, (c) = 12.30, (d) plot between rate
constant, k vs pH.
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Figure 3B.8.9. Thermal Z-E isomerization kinetics studies followed by UV-Vis spectroscopy
of compound 23-C1-MeSO4 at pH (a) = 2.04, (b) = 6.65, (c) = 8.98, (d) = 10.51.
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Figure 3B.8.10. UV-Vis photoswitching studies of compound 23-C1-MeSO4 at pH (a) =
10.95, (b) = 11.65, (c) = 12.30, (d) plot between rate constant, k vs pH.
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Figure 3B.8.11. Thermal Z-E isomerization Kkinetics studies followed by UV-Vis
spectroscopy of compound (a) compound 1-C1-Cl at pH 2.04, (b) compound 1-C1-Cl at pH
11.65, (c) compound 1-C1-SCN at pH 2.04, (d) compound 1-C1-SCN at pH 11.65.
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Figure 3B.8.12: Thermal Z-E isomerization Kinetics studies followed by UV-Vis
spectroscopy in excess amount of DBU (a) derivative 21-C1-MeSO4 at rt; (b) derivative 1-
C1-MeS0O4 at rt; (c) derivative 23-C1-MeSO4 at 80 °C; (d) derivative 23-C1-MeSO4 at 80

°C.
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3B.9. Quantification of photoisomers in different pH: *H NMR spectroscopy
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Figure 3B.9.1. Estimation of PSS composition using *H NMR spectroscopy of 1-C1-MeSOa
(60% DO: buffer, pH = 2.04). (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c)

after irradiation at 435 nm (45 min). (Normalized integral values of selected protons are
indicated for E- and Z-isomers.)
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Figure 3B.9.2. Estimation of PSS composition using *H NMR spectroscopy of 1-C1-MeSOa
(60% DO: buffer, pH = 5.90). (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c)

after irradiation at 435 nm (45 min). (Normalized integral values of selected protons are
indicated for E- and Z-isomers.)
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Figure 3B.9.3. Estimation of PSS composition using *H NMR spectroscopy of 1-C1-MeSQOa
(60% D20O: buffer, pH = 11.24). (a) before irradiation; (b) after irradiation at 340 nm (2 h); (c)
after irradiation at 435 nm (45 min). (Normalized integral values of selected protons are
indicated for E- and Z-isomers.)

3B.10. Photoswitching and long-term stability of 1-C1-MeSOza in presence of GSH
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Figure 3B.10.1: Stability of 1-C1-MeSO4 under the possible maximum biological
concentration of glutathione (GSH) (10 mM) in phosphate buffer (pH = 7.4). (a) The UV-Vis
spectral data of E- isomer of 1-C1-MeSOys in the presence of GSH; The spectra were recorded
at different time intervals (o min, 1 h, 3h,5h, 7 h, 9 h, 18 h 40 min), (b) The UV-Vis spectral
data of Z- isomer of 1-C1-MeSOs in the presence of GSH; The spectra were recorded at
different time intervals (o, 1 h, 3 h, 5 h, 7 h 17 h 13 min), (c) Photoisomerization stability of
1-C1-MeSOzq in presence of GSH (The forward E-Z and the reverse Z-E photoisomerzation
steps were alternatively carried out at 340 and 435 nm, respectively over 10 cycles.
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3B.11. Crystallographic details of compound 1-C1-BPhs and 24-C1-MeSQO4

Single crystal X-ray diffraction data of compounds 1-C1-BPhs and 24-C1-MeSO4 were
collected using a Rigaku XtaLAB mini diffractometer equipped with Mercury375M CCD
detector. The data were collected with MoKa radiation (A = 0.71073 A) using omega scans.
During the data collection, the detector distance was 49.9 mm (constant) and the detector was
placed at 20 = 29.85° (fixed). The data collection and data reduction were done using
CrysAlisPro 1.171.38.46, and crystal structures were solved through OLEX2 package using
SHELXT and the structures were refined using SHELXH-1997 (1-C1-BPh4) and SHELXL
(24-C1-MeSOs4) programs.

Figure 3B.11. Single crystal X-ray structures of compound 1-C1-BPhs4 (Left) and 24-C1-
MeSO4 (Right). All hydrogen atoms have been omitted for clarity. Selected interatomic
distances (A) and bond angles for compound 1-C1-BPha (°): N1-N2 = 1.375(4), N3-N4 =
1.247(4); N4-N3-C4 = 114.2(3), N3-N4-C8 = 112.8(3). Compound 24-C1-MeSOa4: N1-N2 =
1.3632(14), N4-N3 = 1.2593(15), N3-C9 = 1.3994(15), N4-C18 = 1.4231(16); N4-N3-C9 =
114.90(11), N3-N4-C18 = 112.55(11).
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Compound 1-C1-BPh4 24-C1-MeSO4
Chemical Formula Cs7H37BN4 C24H23FN404S
Molar mass 548.52 482.52
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n

T [K] 298.01(1) 150.00(10)
a[A] 9.5331(16) 8.1092(3)

b [A] 16.345(3) 30.1258(10)
c [A] 19.808(3) 10.0304(4)
a [°] 90.0 90

BI°] 90.774(15) 111.532(4)

v [°] 90.0 90
VA3 3086.3(8) 2279.38(16)
YA 4 4
D(calcd.) [g-cm™] 1.180 1.406
u(Mo-Ky) [mm™] 0.069 0.190
Reflections collected 22345 25343
Independent reflections 5469 7921
Data/restraints/parameters 5469/0/353 7921/0/310

R1, WR2[I>24(1)]

0.0964, 0.2620

0.0565, 0.1572

R1, wR2 (all data)!

0.1339, 0.3312

0.0647,0.1710

GOF

1.054

1.074

CCDC

2209844

2209843

[a] R1 = X|[Fo| — |Fc||/Z[Fol|. wR2 = [Ew(|Fo?| — |Fc?)%/Zw|Fo?A]Y2
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3B.12. Compound characterization (*H, °F, !B, 3!P, and *C-NMR) data
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'H NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 1-C1-MeSO4 (400 MHz, DMSO-ds).
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230



NRIIDYM-HO® eeNory unnd
€00 00 ™YYWV VI OMANNHA ANANN
NNNNNNNNN FOMEMEE e
et (et — N P

MS((?
€30  cH
\ﬁ,p‘

22-C1-MeSO,4

2.82,
4.11:

or-%
- | iz
6.28 « S—

| 6.32=p=

® 1 2.00-.
3.14

16 15 14 13 12 11 10 9 7 6 5 4 3 2 1 o -1 -2 -3
f1 (ppm)

'H NMR spectrum of (E)-4-((2-fluorophenyl)diazenyl)-3,5-diphenylisoxazole, 15aa (400
MHz, CDCls)

o no <o
§uy H-ad INR o -
n <« MmN oM M NN
o Hmas Ann S
MSg)
S04 cH,
N
N
Et
N
b
22.C1-MeSO, I | I
210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O

f1 (ppm)
13C NMR spectrum of (E)-3,5-diethyl-1,2-dimethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 22-C1-MeSO4 (100 MHz, CDCls).

231



OCONNILININMM o © o
RRETITMMmMM o M
NANNNNNNNN < m o
| Rt [ \
78 77 76 15 74 13 7.2
f1 (ppm)
MeSO‘@ CH,
\N_N
Ph
N
N
23-C1- MeSO4
J Lo a
Ot
oM - O
e e e
oMo o ™
16 15 14 13 12 11 10 9 7 6 5 4 3 2 1 0o -1 -2 -3
f1 (ppm)

H NMR spectrum of ((E)-1,2-dimethyl-3,5-diphenyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 23-C1-MeSO4 (400 MHz, CDCls).

©
o
o]
=
3
o
=3
@
DONOTM=Inin
TMOANYING®O =
AHNNHO G ® YN -
meEmmmmMNNNN ]
o o ]
e
MeSO,
A@ CHy
\N_N
/"\/e—Ph
Ph
N
N"
23-C1- MeSO4 I ‘ | J
210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

13C NMR spectrum of (E)-1,2-dimethyl-3,5-diphenyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
methanesulfonate, 23-C1-MeSO4 (100 MHz, CDCls).

232



5821
4.0470
~2.7671
2.5000

78 77 7.6 1.5
1 (ppm)

§ z
RF
5.99 <
1
S

@ 2,07
3.004~
1 6.00-

16 15 14 13 12 11 10 9 7 6 5 3 2 1 0o -1 -2 -3
f1 (ppm)

'H NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
chloride, 1-C1-Cl (400 MHz, CDCly).

- OO

4 NOSTITN ©° n
n MeEON n [
© dh@mud S o
h ¥ERAN o S
v-‘i ol el m -

~
210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O

f1 (ppm)
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13C NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
thiocyanate, 1-C1-SCN (100 MHz, CDClIs).
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'H NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
tetrafluoroborate, 1-C1-BF4 (400 MHz, CDCls).
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1B NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
tetrafluoroborate, 1-C1-BF4 (128.3 MHz, CDCls).
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3P NMR spectrum of (E)-1,2,3,5-tetramethyl-4-(phenyldiazenyl)-1H-pyrazol-2-ium
hexafluorophosphate, 1-C1-PFs (162.1 MHz, CDCls).
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Chapter 4. Photochromic multi-azo(hetero)arene connected

systems

4.1 Introduction

Molecules exhibiting reversible photochromic properties are useful for devloping smart
light triggered devices such as energy storage, actuator, field-effect transistor, and
photodetector, etc. In this regard, various photoswitches have been developed to satisy the
needs.* Among all, azobenzenes are widely used for their versatility, ease of synthesis,
functionalization prospects, tunable thermal stability, bidirectional photoswitching, and
excellent photo rigidity under light.> Ineed, all these properties make him suitable candidate
for various applications.

In recent decades, photoswitching ability of azoheteroarenes such azoimidazole,
azopyrazole, azotriazole, azotetrazole, azothiophene, azoindole, etc. have shown the excellent
photoswitching, and tunable Z-isomer stability.® Particularly the N-methylphenylazopyrazoles
made way for many diverse applications owing to their long half-life of Z-isomer.”® In
contrast, the corresponding Z-isomer of 1H-3,5-dimethylpyrazole derivatives showed three
orders of magnitude lower stability.’® Substituent effects on such systems revealed the
presence of substantial steric, electronic effects, and apart from concentration dependent
hydrogen bonding interactions, through either intermolecular or solvent-assisted tautomerism
destabilize the Z-isomer. However, the free NH of the pyrazole moiety allow additional
possibilities in N-functionalization of the arylazopyrazole derivatives readily. The resulting
new N-functionalized arylazopyrazoles can exhibit enhanced Z-isomer stability in solution
phase.

In the recent decades, the efficiency of solution phase photoswitching of azoarenes has
been tremendously improved. However, for practical applications, solid-state photoswtiching
is highly desirable. Applications such as rewritable printing and imaging demand solid state
bistable compounds.** A wide range of structurally diverse classes of molecules are known
for their solid-state photochromic properties. In majority of those cases, the light driven
switching has been used for printing, however, thermal conditions are required for erasing.
Apart from that, the systems need extensive synthesis or polymeric linkages for enabling the
reversible writing and erasing processes.*?*> Another important challenge in this regard is to
design molecular systems with large free-volume that requires control in molecular packing

and aggregation. Particularly n—m stacking and other supramolecular interactions such as
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hydrogen bonding needs to be controlled for better efficiency in the light-driven isomerization
processes.'® In this regard, we planned to develop solid-state switchable systems using

arylazo-1H-3,5-dimethylpyrazoles owing to their versatility and synthetic prospects.

In the design part, we intended to attach multiple arylazopyrazoles to a core moiety
for improving the absorption characteristics. Furthermore, we have also considered the
following aspects: (a) symmetry (for avoiding the spectral congestion); (b) n—=r stacking (the
two methyl groups attached to each of the pyrazole moiety have been considered to inhibit it);
(c) hydrogen bonding (introduction of linkages and core groups to minimize it); (d)
introducing of flexible units; (e) comparison of Cs tripodal multiple azobenzenes with
azoheteroarenes. Based on these, we designed six Cs tripodal molecular systems with different

connections.
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4-OMe (3)

C; symmetric core

Photoswitchable units
Scheme 4.1. Design scheme of Cs-connected azo(hetero)arene photoswitches.

4.2 Synthesis

We have synthesized all the 6 tripodal targets using the procedures adopted from the
literature (Scheme 4.1).1” For accessing derivatives 1-3, their corresponding azopyrazole

derivatives were treated with the in situ generated trimesoyl chloride, derived from trimesic
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Scheme 4.2. Synthesis scheme of Cz-connected azo(hetero)arene photoswitches.

acid. The targets 4 and 5 were synthesized through a nucleophilic substitution strategy

under basic condition using phenylazo-1H-3,5-dimethylpyrazole  with  1,3,5-
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tris(bromomethyl)benzene, and 1,3,5-tris(bromomethyl)mesitylene respectively. Similarly,
target 6 was synthesized under similar methods using 4-aminoazobenzene and 1,3,5-

tris(bromomethyl)benzene using K-COs as a base.

4.3 Photoswitching studies

UV-Vis spectroscopic studies

Foremost, we carried out UV-Vis spectroscopic studies for all the tripodal targets 4-
6 in DMSO as a solvent. Whereas, CHCIs was used for derivatives 1-3 due to insolubility in
DMSO. Due to the azo chromophores, all the targets in their native state (EEE) exhibited
strong n—n* absorption bands (Figure 4.1 and Appendix) and weak n—r* features. The
derivative 6 showed overlapping n—n* and n—t* bands. For targets with flexible connections,
such as 4, 5, and 6 the n—n* absorption features were observed at 338, 342, and 413 nm,
respectively. Compared to those Amax Values, the corresponding simple photoswitches, N-
methyl phenylazo-3,5-dimethyl-pyrazole, and 4-(N-methylamino)azobenzene absorb at 339
and 416 nm, respectively (Appendix). This indicates that the flexible connections exhibit no
or a weak electronic influence on the azo chromophore of the photoswitches. Despite
connected together, the tripodal targets essentially behave like three independent
photoswitches. The electronic effect arising due to the donating power of the amine linker in

6 leads to an overlap of =—n* and n—* bands (aminoazobenzene type).>

0.6+ (a)

— Bolore irradiation
0.51 —— Aftor irradiation at 365 nm Q
w— After Irradiation at 490 nm

0.44

0.34

Absorbance

0.14

0.0 4 T - T
300 35 400 450 500 550 600
Wavelength (nm)

Figure 4.1. Photoswitching studies of derivative 4 in DMSO.
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Due to the appearance of only one set of m—n* and n—n* absorption bands, UV-Vis
spectroscopy was unable to differentiate among the individual EEZ, EZZ and ZZZ-isomers
(Figure 4.1). All of the derivatives have been subjected to reverse isomerization using
different wavelengths of light.

Pyrazole derivatives 4 and 5 exhibited quantitative forward photoisomerization upon
irradiation with 365 nm light whereas the reverse photoisomerization happened with 490 nm
light. The derivative 6 showed forward photoisomerization with 405 nm light whereas the
reverse photoisomerization was achieved by 535 nm light. Apart from photoisomerization
studies, we have also tested the long-term stability of all these derivatives over five cycles.

None of the derivatives showed any fatigue.

* @490 nm

~-5.300
—5.173
5154

T T 1
5.2 5.1 ppm

5.3
=l A
EECIEEE

4

\ JL@SGS nm
5:d 5t3 5I2

T 1
5.1 ppm

5.285
—5.137

J\ Before irradiation

Figure 4.2. PSS composition with different photoisomers representation of 4 (DMSO-ds, 4.16
mM) (partial *H NMR of derivative 4).

For understanding bistability, the estimation of the individual photoisomers (PSS
composition) for the forward and reverse isomerization steps is necessary. Towards this, we
conducted the photoswitching studies of all targets (1-3 in CDCIls 4, 5 in DMSO-ds at
mm concentrations). The analysis of the PSS compositions has been carried out using *H-

NMR spectroscopy (Figure 4.2 and Appendix).
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Figure 4.3. PSS composition in 4 (DMSO-de, 4.16 mM) (a) Before irradiation; (b) After
irradiation at 365 nm; (c) After irradiation at 490 nm (For forward and reverse isomerization
steps, PSS composition has been estimated using the normalized integral values of signals due
to the linker CH> protons).

Due to broadness and overlapping in signals in the derivative 6, we did not perform such
experiments. Derivatives 4, and 5 showed identical conversions of 91% ZZZ and 9% EZZ
upon irradiation with 365 nm light. Conversily, upon irradiation at 490 nm, the derivative 4
led to 55% EEE, 33% EEZ, 10% EEZ, and 2% ZZZ; whereas, the derivative 5 formed 24%
EEE, 33% EEZ, 28% EEZ, and 15% ZZZ.

Thermal reverse isomerization kinetics

Apart from the photoswitching characteristics, the stability of the metastable states
under ambient conditions is quite significant in the application point of view. In general, a Z-
isomer of the azoarene can undergo Z-E reverse thermal isomerization through inversion or

rotational pathways that depend on substitution, type of azoarene, etc.>
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Table 4.1. UV-Vis photoswitching studies in solution state

S. Compound Electronic spectral data PSS composition in solution Conc. (uM)
No. phase
photoswitching
Before photoswitching After photoswitching Forward EEE- Reverse ZZZ-
Amax/ Amax/ Amax/ Amax/ 7z EEE
n—* (€) N—m* —m* N—* photoisomeriza | photoisomeri
tion (in terms zation
of % EEE) (in terms of
%EEE)
1 1 334 440 293 442 76 91 10.0
(64126 + 1172)

2 2 336 445 286 439 79 95 9.0

(84181 + 5251)
3 3 352 443 313 446 87 86 9.4

(77889 £ 2225)
4 4 338 421 282 443 96 88 16.7

(26671 £ 922)
5 5 342 407 289 443 94 88 7.3

(81029 + 796)
6 6 413 - 368 439 72 89 2.0

(177832 £+ 2097)
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Thermal barriers and the half-lives associated with the individual metastable states can
be tuned by changing the design. Since multiple photoswitchable units containing systems
lead to different photoisomers, unraveling the thermal stability of the metastable states
involves certain difficulties. This situation is due to the involvement of individual reverse
thermal isomerization steps. All our 6 targets contain three photoswitchable groups each, and
so the thermal reverse isomerization reactions happen over three consecutive steps,
namely, ZZZ-EZZ, EZZ-EEZ, and EEZ-EEE with rate constants ki, k2 and ks, respectively.
Indeed, the thermal reverse isomerization kinetics of the derivative 1 in CDCl3z was previously
reported by following *H-NMR spectroscopic data.'” For other selected derivatives (4, 5, 6)
we have done the Kkinetics study at elevated temperature in DMSO. Derivatives 4, and 5

showed a half-life of 18, and 17 min, respectively at 90 °C. While derivative 6 showed a

shorter life half (6.9 min) even at a lower temperature (60 °C) (Figure 4.3).
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Figure 4.4. (a) & (b) Stepwise thermal reverse isomerization kinetics measurements of
derivatives 4 & 6 at 90 & 60 °C, respectively; (c) & (d) corresponding first order thermal
reverse isomerization kinetics plot and exponential fit of derivatives 4 & 6.

Photoswitching in solid-state

In order to understand the solid-state photoswitching, we have used UV-Vis
spectroscopic studies through reflectance mode in KBr medium (Figure 4.4). For derivative
1, we observed prominent changes in the n—n” band upon irradiation at 365 nm that clearly

depicted the solid-state isomerization. The Cs derivatives of azopyrazole (1-5) showed
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photochromic behavior in solution as well as in solid-state. Indeed, the derivatives 1-5
exhibited a yellow to red color change upon irradiation with 365 nm light the in forward
direction. Derivatives 1-3 showed the photochromic property in the reverse direction with
light too; however, more flexible derivatives 4 & 5 showed color changes only upon heating
in the reverse direction (Figure 4.4 e-g). Taking advantage of photochromic properties in the
solid state, one of the derivatives 3 was dip coated on top of a filter paper. By keeping a mask
and exposure of 365 nm light induced the color changes in the coated area, which made way

to the printing of images.
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absorption spectroscopy. Printing and erasing of a “Crab” image on top of a filter paper: b) A
filter paper dip coated with 3 (using a CHCIs solution of 3); c) After irradiation at 365 nm
through a Crab shaped stencil; d) Partial exposure to 505 nm light (by blocking half-of-the
filter paper to erase half-of the image). By irradiating the entire filter paper, the image can be
completely erased; Photo- and thermochromism in 4: (e) yellow-colored solid-state and
solution phase (in CH3CN) samples of 4 in native state; (f) after exposure to a light of
wavelength 365 nm exhibiting solid-state and solution phase photochromism; (g) after heating
at 90 °C for 30 min (for the solid sample) and 70 °C for 1 h (for solution phase sample) to
obtain thermochromism in reversing to the native state.

Similarly, the use of green light (505 nm) led to erasing of the images. Through this
experiment, a completely light-driven image printing and erasing process was demonstrated
in solid-state (Figure 4.4 c-d). The salient feature is the stability of the images that were

unaffected for more than a week even in the presence of ambient light.
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Powder X-ray diffraction (PXRD) studies

For gaining additional insights in the solid-state photochromism, one of the derivatives,
3 having 4-OCHs group, was subjected to PXRD studies. The PXRD data for the solid
samples before and after irradiation were collected. After 365 nm irradiation, we obtained a
red-coloured solid, which showed more amorphous nature compared to the native yellow
coloured solid corresponding to EEE-isomer. Based on the inspection of data, upon changing
the wavelength to 505 nm, the solid sample showed a partially recovery of crystallinity
(Figure 4.5). The extent of changes from crystallinity to amorphous nature was consistent

with the PSS compositions observed upon irradiation.
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Figure 4.6. PXRD data of 3 corresponding to: a) The yellow-coloured native solid (before
irradiation); b) The red-coloured solid (after irradiation of the CHCIs solution of the native
sample at 365 nm, followed by evaporation of the solvent, and drying under high vacuum); c)
After irradiation of the red CHCI3 solution at 505 nm for 2 h, followed by evaporation of the
solvent, and drying under high vacuum.

250



4.4 Experimental section
1,3,5-tris((3,5-dimethyl-4-((E)-phenyldiazenyl)-1H-pyrazol-1-yl)methyl)benzene (4)
Phenylazo-1H-3,5-dimethylpyrazole (0.90 g, 4.5 mmol) was dissolved in dry acetonitrile.
Sodium hydride (60 % dispersion in mineral oil, 4.5 mmol) was added to it and the mixture
was stirred at room temperature for 2 hours under a nitrogen atmosphere. 1,3,5-
tris(boromomethyl)benzene (0.36 g, 1.0 mmol) was added, and the reaction mixture was
refluxed overnight. The reaction was quenched with water and extracted with ethyl acetate.
The combined ethyl acetate layers were dried over anhydrous sodium sulfate and the product
was purified by column chromatography over silica gel using ethyl acetate and hexane (75:25)
as an eluent (Yield = 63%).

1,3,5-tris((3,5-dimethyl-4-((E)-phenyldiazenyl)-1H-pyrazol-1-yl)methyl)benzene
(4):Yellow solid, mp = 200-201 °C

'H NMR (400 MHz, CDCls): & 2.45 (s, 9H), 2.47 (s, 9H), 5.21 (s, 6H), 6.75 (s, 3H), 7.37 (t,
J=6.9 Hz, 3H), 7.44 (t, J = 7.3 Hz ,6H), 7.74 (d, J=7.8 Hz, 6H) ppm; 3C (100 MHz, CDCl5):
510.08, 14.08, 52.54, 121.96, 124.23, 129.02, 129.58, 135.55, 139.03, 140.36, 143.23, 153.59
ppm; HRMS-ESI: m/z CsHa2N12 [M+H]" calc. 715.3733, obs. 715.3741; IR (ATR, cm™):
509, 517,533, 540, 551, 576, 630, 645, 682, 699, 716, 763, 848, 1003, 1068, 1155, 1264, 1303,
1373, 1394, 1417, 1458, 1502, 1557, 2923, 3081.

1,1,1"-((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene))tris(3,5-dimethyl-4-((E)-
phenyldiazenyl)-1H-pyrazole) (7)

To obtain 5, the same procedure as in the synthesis of 4 was adopted using 2,4,6-

tris(oromomethyl)mesitylene (Yield = 70%).

1,1',1"-((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene))tris(3,5-dimethyl-4-((E)-
phenyldiazenyl)-1H-pyrazole) (4): Yellow solid, mp = 255-256 °C

IH NMR (400 MHz, CDCls): & 2.36 (s, 9H), 2.44 (s, 9H) 5.32 (s, 6H), 7.36 (t, J = 7.4 Hz,
3H), 7.45 (t, J = 7.5 Hz, 6H), 7.76 (d, J = 7.8 Hz, 6H) ppm; :3C (100 MHz, CDCls): & 10.06,
14.32, 17.07, 48.61, 121.88, 129.02, 129.42, 130.86, 135.32, 138.95, 139.31, 142.34, 153.75
ppm; HRMS-ESI: m/z CasHagN12 [M+H]* calc. 757.4203, obs. 757.4211; IR (ATR, cm™):
509, 551, 583, 644, 667, 686, 700, 766, 832, 863, 895, 921, 994, 1019, 1070, 1277, 1302,
1370, 1414, 1455, 1493, 1553, 2923.

N,N*,N""-(benzene-1,3,5-triyltris(methylene))tris(4-((E)-phenyldiazenyl)aniline) (5)
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A mixture of 1,3,5-Tris(boromomethyl)benzene (0.36 g, 1.0 mmol), (E)-4-
(phenyldiazenylaniline (0.61 g, 3.1 mmol) and anhydrous potassium carbonate (0.52 g, 4.0
mmol) were stirred in dry acetonitrile (10 ml) under nitrogen atmosphere, and the reaction
mixture was refluxed overnight. The reaction mixture was then cooled to room temperature
and quenched with water, filtered and washed with ethanol to remove the starting material.
The crude product was dried and further purified with column chromatography over silica gel

using a mixture of ethyl acetate and hexane (50:50) as an eluent (Yield = 62%).

N,N*,N"’-(benzene-1,3,5-triyltris(methylene))tris(4-((E)-phenyldiazenyl)aniline)
(6):Orange yellow solid, mp = 135-136 °C

'H NMR (400 MHz, CDCls): & 3.98-4.69 (br, 9H), 6.32-7.00 (br, 9H), 7.28-7.59 (br, 9H),
7.65-7.87 (br, 9H) ppm (Note: *H NMR exhibited broad and low intense signals in both
[Ds]DMSO and CDCls irrespective of the concentration; In CDClIs, the amine protons were
absent due to exchange.); *C (100 MHz, [Ds]DMSO0): & 79.57, 112.41, 112.68, 122.19,
122.30, 125.36, 129.62, 129.91, 143.43, 152.27, 152.81, ppm; HRMS-ESI: m/z CssH39Ng
[M+H]* calc. 706.3406, obs. 706.3397; IR (ATR, cm™): 639, 663, 687, 722 , 765, 823, 916,
966, 1019, 1070, 1138, 1232, 1270, 1327, 1408, 1429, 1455, 1511, 1598, 1698, 2926, 3032,
3064, 34009.

4.5 Conclusions

All pyrazole substituted Cs symmetric derivative showed an excellent
photoswitching and photochromic behavior in solution as well as bulk state. We have
demonstrated rewritable printing and erasing. In the tripodal aroylazole derivative, the
reversible printing and erasing phenomena were induced fully by light, whereas the flexible
tripodal derivatives showed by light (photochromism) in the forward step, whereas heat was
necessary for the reverse step (thermochromism). Such changes have also been supported by
PXRD and IR spectroscopic studies. But the introduction of p-amino azobenzene instead of

azopyrazoles did not offer solid-state photoswitching.

4.6 References

1 (a) Bouas-Laurent, H.; Durr, H.; Pure Appl. Chem. 2001, 73, 639-665; (b) Dirr, H.;
Bouas-Laurent, H. Photochromism: Molecules and Systems, Elsevier, Amsterdam,
2003; (c) Irie, M.; Fukaminato, T.; Matsuda, K.; Kobatake, S. Chem. Rev. 2014, 114,
12174-12277; (d) Irie, M. Pure Appl. Chem. 2015, 87, 617-626; (e) Zhang, J.; Zou,
Q.; Tian, H. Adv. Mater. 2013, 25, 378— 399; (f) Mukhopadhyay, A.; Moorthy, J. N.
J. Photochem. Photobiol. C 2016, 29, 73- 106.

252



11

12

13

14
15

16

17

(a) Irie, M. Photoreactive Materials for Ultrahigh-density Optical Memory,
Elsevier, Amsterdam, 1994; (b) Ikeda, T.; Tsutsumi, O. Science 1995, 268, 1873-
1875; (c) Irie, M. Chem. Rev. 2000, 100, 1685-1716.

(a) Klajn, R. Chem. Soc. Rev. 2014, 43, 148-184; (b) Xie, X.; Mistlberger, G.;
Bakker, E. J. Am. Chem. Soc. 2012, 134, 16929-16932.

Gonzalez, A.; Kengmana, E. S.; Fonseca, M. V.; Han, G. G. D. Mater. Today
Adv. 2020, 6, 100058.

(a) Bandara, H. M. D.; Burdette, S. C. Chem. Soc. Rev. 2012, 41, 1809-1825; (b)
Garcia-Amoros, J.; Velasco, D. Beilstein J. Org. Chem. 2012, 8, 1003- 1017; (c)
Bléger, D.; Schwarz, J.; Brouwer, A. M.; Hecht, S. J. Am. Chem. Soc. 2012, 134,
20597-20600; (d) Beharry, A. A.; Sadovski, O.; Woolley, G. A. J. Am. Chem. Soc.
2011, 133, 19684-19687.

(a) Wendler, T.; Schutt, C.; Néather, C.; Herges, R. J. Org. Chem. 2012, 77, 3284-
3287; (b) Weston, C. E.; Richardson, R. D.; Haycock, P. R.; White, A. J. P;
Fuchter, M. J. J. Am. Chem. Soc. 2014, 136, 11878-11881; (c) Calbo, J.; Weston,
C. E.; White, A. J. P.; Rzepa, H. S.; Contreras-Garcia, J.; Fuchter, M. J. J. Am.
Chem. Soc. 2017, 139, 1261-1274; (d) Simeth, N. A.; Crespi, S.; Fagnoni, M.;
Konig, B. J. Am. Chem. Soc. 2018, 140, 2940-2946; (e) Heindl, A. H.; Wegner,
H. A. Chem. Eur. J. 2020, 26, 13730-13737.

Weston, C. E.; Kramer, A.; Colin, F.; Yildiz, O.; Baud, M. G. J.; Meyer-Almes,
F. J.; Fuchter, M. J. ACS Infect. Dis. 2017, 3, 152-161.

Stricker, L.; Fritz, E. C.; Peterlechner, M.; Doltsinis, N. L.; Ravoo, B. J. J. Am.
Chem. Soc. 2016, 138, 4547-4554.

Ghebreyessus, K.; Cooper Jr., S. M. Organometallics 2017, 36, 3360-3370.
Devi, S.; Saraswat, M.; Grewal, S.; Venkataramani, S. J. Org. Chem. 2018, 83,
4307-4322.

(a) Harada, J.; Kawazoe, Y.; Ogawa, K. Chem. Commun. 2010, 46, 2593-2595;
(b) Hadjoudis, E.; Mavridis, I. M. Chem. Soc. Rev. 2004, 33, 579-588; (c) Guo, J.;
Jia, D.; Liu, L.; Yuan, H.; Li, F. J. Mater. Chem. 2011, 21, 3210-3215; (d) Robert,
F.; Naik, A. D.; Tinant, B.; Robiette, R.; Garcia, Y. Chem. Eur. J. 2009, 15, 4327-
4342.

Qi, Q.; Li, C.; Liu, X.; Jiang, S.; Xu, Z.; Lee, R.; Zhu, M.; Xu, B.; Tian, W. J. Am.
Chem. Soc. 2017, 139, 16036-16039.

Zhou, H.; Xue, C.; Weis, P.; Suzuki, Y.; Huang, S.; Koynov, K.; Auernhammer,
G. K.; Berger, R.; Butt, H. J.; Wu, S. Nat. Chem. 2017, 9, 145-151.

Kobatake, S.; Yamashita, I. Tetrahedron 2008, 64, 7611-7618.

Frolova, L. A.; Rezvanova, A. A.; Lukyanov B. S.; Sanina, N. A.; Troshin, P. A_;
Aldoshin, S. M. J. Mater. Chem. C 2015, 3, 11675-11680.

(a) Kind, J.; Kaltschnee, L.; Leyendecker, M.; Thiele, C. M. Chem. Commun.
2016, 52, 12506-12509; (b) Burganov, T. I.; Katsyuba, S. A.; Vakhonina, T. A.;
Sharipova, A. V.; Fominykh, O. D.; Balakina, M. Y. J. Phys. Chem. C 2018, 122,
1779-1785.

(@) Devi, S. Tuning, Controlling and Applications of Cis-isomer Stability in
Azoheteroarenes and Multiple Azoarenes Connected Systems. 2018 (Thesis); (b)
Yu, H-C; Li, L.; Gao, J.; Tong, J.; Zheng, W.; Cametti, M.; Famulari, A.; Meille,
S.V.,; Guo, F.; Rujas, J. M. Dalton Trans. 2015, 44, 15960-15965.

253



Appendix 4A.
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Figure 4A.1. Photoswitching and thermal stability aspects 4 (a) Forward and reverse
isomerization (DMSO, 16.7 uM); (b) Estimation of molar extinction coefficient (in DMSO)
for the t—n* absorption; (c) Stepwise thermal reverse isomerization kinetics measurements of
5 (UV-Vis spectroscopic monitoring of the 22.0 uM solution at 90 °C); (d) First order thermal
reverse isomerization kinetics plot and exponential fit of 6 (22.0 uM solution at 90 °C), (e)
Photoswitching stability test upto five cycles of 5 in DMSO (forward isomerization step: 365
nm; reverse isomerization step: 490 nm).
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Figure 4A.2. Photoswitching and thermal stability aspects 5 (a) Forward and reverse
isomerization (DMSO, 7.3 uM); (b) Estimation of molar extinction coefficient (in DMSO) for
the n—nt* absorption; (c) Stepwise thermal reverse isomerization kinetics measurements of 7
(UV-Vis spectroscopic monitoring of the 8.1 uM solution at 90 °C); (d) First order thermal
reverse isomerization kinetics plot and exponential fit of 5 (8.1 uM solution at 90 °C), (e)

Photoswitching stability test upto five cycles of 5 in DMSO (forward isomerization step: 365
nm; reverse isomerization step: 490 nm).
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Figure 4.3. Photoswitching and thermal stability aspects 6 (a) Forward and reverse
isomerization (DMSO, 2.0 uM); (b) Estimation of molar extinction coefficient (in DMSO) for
the =—n* absorption; (c) Stepwise thermal reverse isomerization kinetics measurements of 8
(UV-Vis spectroscopic monitoring of the 3.5 uM solution at 60 °C); (d) First order thermal
reverse isomerization kinetics plot and exponential fit of 6 (3.5 uM solution at 60 °C), (e)
Photoswitching stability test upto five cycles of 6 in DMSO (forward isomerization step: 405
nm; reverse isomerization step: 535 nm).
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Chapter 5. Conclusions and Perspectives

Azoheteroarene photoswitches: Structure-property relationship towards

photoswitching using visible light, in the water medium, and solid state

Visible light azoheteroarenes photswitches

In this chapter, we have synthesized 22 derivatives of azoheteroarenes (azoisoxazole,
azopyrazoles, and azopyrroles) with different substitution pattern in the heterocycle and aryl
ring in good to excellent yields. The connection of cyclic amines (ortho or para position) in
the aryl group enables them to undergo photoswitching under visibe light. photoswitches. In
addition, the ortho fluorination allowed the photoswitched (Z-isomeric) state to exhibit higher
half-life. Furthermore, the half-lives can be tuned by means of the heterocycles, their
substitutions and also the ring size of the cyclic amine and fluoro substitution.
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Figure 5.1. Summary depicting the structure-property relationship of azoheteroarene
photoswitches.

Most of the photoswitches show good to moderate bidirectional photoswitching under
the irradiation of visible light. We also unraveled a new class of 3,5-diphenylheteroazoarenes
capable of bidirectional visible light photoswitching and possessing longer half-lives of the Z-
isomer. To the best of our knowledge, there are no reports on azoheteroarene that can switch
in both directions under longer wavelengths compared to blue light irradiation conditions and

concurrently unveil extended thermal stability of the photoswitched state.
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Water soluble azoheteroarene photoswitches

Water is an essential component of living beings. Developing water-soluble molecular
photoswitches, particularly for biological-related applications is one of the current challenges.
Among various approaches, converting ionic compounds with high bistability has never been
attempted. In this regard, we considered this approach with two diverse azoheteroarene
systems. Chapter 3 is subdivided into two parts.

Part A. Heteroaryl azopyrdinium ionic photoswitches (HAPIPS)

In this chapter, we designed 8 heteroazoarene pyridinium ionic photoswitches
(HAPIPs) with different five-membered heterocycle units (pyrazole and isoxazole), changes
in the counter ions, and the position of the azo relative to the pyridinium center, and
substitution at the heterocycle (3,5-dimethyl vs 3,5-diphenyl). Photoswitching properties have
been explored in water and other organic solvents through UV-Vis spectroscopy and NMR.
HAPIPs exhibited a good to moderate forward E-Z and reverse Z-E photoisomerization
conversion and thermal stability of Z-isomer from seconds to days on varying, solvent,

heteroarene or counter ion and 3,5-substitution at heteroarene rings.
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Figure 5.2. Summary of heteroaryl azopyridinium-based ionic photoswitches (HAPIPS).
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Derivative ph-iso-m-C1-MeSO4 showed 75% forward photoisomerization and 83% reverse
photoisomerization and a half-life of 6.4 d in water. While in previous reports other
pyridinium derivatives were known for their fast reverse photoisomerization, our HAPIPs
showed tuneable thermal stability and moderate photoisomerization, and high photo

reversibility in water.

Part B. Arylazopyrazolium ionic photoswitches (AAPIPS)

As an alternative approach, we synthesized 37 novel water-soluble arylazopyrazolium
ionic photoswitches (AAPIPs) by quaternization of azopyrazole derivatives with dimethyl
sulfate as an alkylating agent. Almost all AIPIPs showed near quantitative (>90%) forward
photoisomerization (E-Z) while reverse photoisomerization was good to excellent (49-89%).
Apart from excellent bidirectional photoswitching, these molecules exhibited very high zZ-
isomer thermal stability in water. The derivative 1-C1-MeSO4 showed a half-life of 55 days
in DMSO and 157 days in water. Besides such exceptional thermal stability in water, we

observed high photostability and good tolerance in a wide range of pH.
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Figure 5.3. Summary of arylazopyrazolium ionic photoswitches (AAPIPS).

Chapter 4. Photochromic multi-azo(hetero)arene connected systems

To enable solid-state photoswitching, the molecules should have enough room, limited
intermolecular interactions, and disabled electronic coupling between multiple
photoswitches. e chem record | this regard, we synthesized Cs-symmetric tripodal azopyrazoles
or p-amino azobenzene-connected derivatives. Tripodal-connected azoarylpyrazole
derivatives exhibited excellent photochromic properties in solution and solid state. By using

the excellent photochromic properties of such derivatives, we have demonstrated rewritable
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printing and erasing. In the tripodal aroylazole derivative, the reversible printing and erasing
phenomena were induced fully by light, whereas the flexible tripodal derivatives showed by
light (photochromism) in the forward step, whereas heat was necessary for the reverse step
(thermochromism). Such changes have also been supported by PXRD and IR spectroscopic
studies. But the introduction of p-amino azobenzene instead of azopyrazoles did not offer

solid-state photoswitching.
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Figure 5.4. (a) Analysis of photoswitching of 4 in DMSO using UV-Vis spectroscopy;
Printing and erasing of a “Crab” image on top of a filter paper: (b) A filter paper dip coated
with 3 (using CHCI3 solution of 4q); (c) After irradiation at 365 nm through a Crab shaped
stencil; (d) Partial exposure to 505 nm light; (e) Yellow coloured solid-state and solution phase
(in CH3CN) samples of 4 in native state; (f) After exposure to a light of wavelength 365 nm
exhibiting solid-state and solution phase photochromism; (g) After heating at 90 °C for 30 min
(for the solid sample) and 70 °C for 1 h (for solution phase sample) to obtain thermochromism
in reversing to the native state.

Perspectives

Considering the increasing importance and application potential of the
azoheteroarenes, many diverging prospects are possible. Particularly, imparting visible light
sensitivity for isomerization in water-soluble photoswitches can be one of the future directions
that can exhibit usefulness in photopharmocology and MOST materials. Also, systems

containing dual stimuli-responsive molecules in a water medium are not explored. In this
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direction, a redox-active ferrocene moiety can be coupled with water-soluble photoswitchable
ionic derivatives. Based on the recent trends in applications of azobenzenes in energy storage
material, the visible light photoswitchable systems can be explored as they convert visible
light absorption to store heat energy. Many ionic molecules have solubility in water as well
as organic solvents; these systems are potentially applicable for various applications such as
photoswitchable surfactants and phase transfer catalysts. Also, these photoswitches can be
explored in photoswitchable liquid crystal, adhesive material, bioinspired photoswitchable
materials, simple harmonic oscillator (SHO).
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Chapter 6. Materials and methods
6.1 Synthesis

Solvent and reagents were purchased from commercially available sources such as Sigma
Aldrich, TCI, Avra, Rankem, Promochem, CIL, BLD Pharma etc., which were used without
further purification. For anhydrous condition reactions dry solvents such as 1,2-
dichloroethane (DCE), toluene, acetonitrile, THF, etc., were obtained from MBRAUN solvent
purification system (MB-SPS) and further stored on molecular sieves. N2 or Ar gases were
used for anhydrous condition reactions. Hexane is distilled for column chromatography. UV-
vis spectroscopic studies were performed using solvents of spectroscopic or HPLC grade.
Reaction progress was monitored by thin-layer chromatography (TLC) purchased from Merck
Silica gel 60 F2s4 TLC plates and visualized in a UV chamber (A = 254 nm). Compounds were
purified on a silica gel (mesh size 100-200 A or 60-120 A) or neutral/basic alumina using n-

hexane/ethyl acetate as an eluent.

6.2 Photoswitching and Characterisation

Nuclear Magnetic Resonance (NMR) spectroscopy: *H and 3C NMR spectra of all the
compounds were carried out on a Bruker Avance-I11 400 MHz spectrometer at 400 MHz and
100 MHz, respectively, or a Bruker Avance Neo 500 MHz spectrometer (or 125 MHz for 13C),
which are indicated appropriately. The chemical shift (8) values are reported in parts per
million (ppm) and coupling constant (J) in hertz (Hz), respectively. The signal multiplicities
were abbreviated as follows: s-singlet, d-doublet, t-triplet, gq-quartet, p-pentet, sep-septet, dd-
doublet of doublets, dt (doublet of triplets), br-broad, m-multiplet, etc. For calibration residual
solvent signals were used as internal standard (*H NMR: CDCl; = 7.26 ppm, DMSO-ds = 2.50
ppm; 3C NMR: CDCl; = 77.16 ppm, DMSO-ds = 39.52 ppm).

High-resolution mass spectrometry (HRMS): HRMS was recorded on a Waters Synapt G2-
Si Q-TOF mass spectrometer under the electrospray ionization (ESI) method in positive and

negative modes.

FT-IR spectroscopy: Infrared spectra (IR) were recorded on a Bruker Alpha spectrometer in
transmittance mode using a ZnSe Attenuated Total Reflectance (ATR) assembly or on a
Perkin Elmer Spectrum FT-IR spectrometer as a KBr pellet and reported in cm™.

Melting points (MPs): MPs were recorded on a Stuart SMP20 melting point apparatus which

are uncorrected.
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UV-vis spectroscopy, photoswitching, Kinetics studies, and light sources used

Analysis of photoswitching and kinetics studies of all the azo-compounds were carried out
using a UV-vis spectrophotometer either a Cary 5000 UV-Vis-NIR or a Cary 60
spectrophotometer of Agilent technology equipped with a Peltier cell assembly as a
temperature controller. In most of the cases, for trans (E) to cis (Z) photoisomerization light
of 365 nm wavelength, whereas for reverse cis (Z) to trans (E) photoisomerization, light of
CFL bulb of 35 W, 470 nm, 490 nm, and 505 nm wavelengths have been used. The torch of
365 nm (Convoy S2+) was purchased from commercial sources, whereas visible range
wavelengths such as 470 nm, 490nm, 505 nm, etc were used from the LED light source
(Applied Photophysics, SX/LED with a bandwidth of 20 nm). For photoswitching studies
irradiation was performed either in a quartz cuvette of 1 cm path length or quartz NMR tubes

from Sigma Aldrich until photostationary states (PSSs) was reached.
Kinetics studies: *H NMR spectroscopic studies

Similarly, the thermal reverse isomerization kinetics was performed using *H NMR
spectroscopy. The sample was irradiated in a quartz NMR sample tube using 365 nm UV light,
and the sample was introduced immediately into the NMR instrument, and the spectra were
recorded. PSS was confirmed by repeating the irradiation sequences until no further changes
in spectral data. The kinetics mode of recording was done by keeping the sample tube in a
thermostat for different intervals of time. The normalized integral values corresponding to the
cis and trans isomers were used for the kinetics plot.

Estimation of PSS composition and error analysis
(a) UV-vis spectroscopic studies

The estimation of the percentage of PSS composition of cis and trans isomers in the solution
state was performed using UV-vis spectroscopy. The following equation was used in this

regard.

0Cis = 2GS 5 100 e, 1)

trans

or %cis = (1 - ﬂ) x 100

trans

Where Aurans i the absorbance corresponding to the trans-isomer at Amax, Acis IS the absorbance

corresponding to the cis-isomer at the same wavelength of absorption estimated at PSS.
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For the estimation of PSS composition in the solid state, the following expression was used.

Using the same expression PSS composition of reverse photoisomerization was also estimated.

. . A » absorption before irradiation
0 _ - _ “n-m
Yconversion of EEE-isomer (1 A, _p+absorption after irradiation

)><100

Where Anr IS the absorption of trans and cis-isomer at Amax (N to ©*) of trans-isomer. The

error in PSS estimation using UV-vis spectroscopy was found up to 5%.°)
(b) *H-NMR spectroscopic studies

A milli molar concentration solution was prepared in a quartz NMR tube and was subjected to
the recording of the *H NMR spectrum before irradiation. Then the NMR sample tube was
irradiated at 365 nm and a spectrum was recorded immediately. Irradiation and spectral
recording steps were repeated until a PSS was attained. Then the direct integration of the peaks
of trans and cis-isomers was followed by the normalization of selected non-overlapping signals
corresponding to those isomers that give the PSS composition of both isomers. Similar studies

were done for reverse photoisomerization and kinetics studies as well.

In our analysis of NMR experimental data using integral values, we did not account for error.

However, to minimize the error, we considered the following:

1. We have chosen one type of signal during the forward and reverse isomerization steps.

2. We have also attempted to use those signals whose overlap is minimal so that a clear
integration can be made and normalized to obtain the %conversions.

3. The samples were continuously irradiated such that a photostationary state (PSS) is
reached, which was followed by 'H-NMR. This way, we ensured that no further
isomerization is possible. Also, the experiments were repeated for reproducibility.

4. For a few cases, the signal-to-noise ratio cannot be improved any further owing to the
poor solubility. Particularly, during the reverse photoisomerization step, the conversion
into EEE-isomer is accompanied by precipitation. In the solution containing the native
state (EEE-isomer), this situation can be overcome by heating to dissolve the sample;
whereas it is not possible under photoirradiation (reverse photoisomerization)
conditions.

5. Along the line, the normalized integration values have been estimated using the basic
version of the software (TopSpin). Moreover, we did not perform the line-shape
simulations or deconvolution procedures, which are critical for minimizing the error

during quantification for close-lying signals.
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6. Based on repeated measurements in certain cases (or during the attainment of PSS), we

observed a marginal error of 2-3% in the normalized integral values.®?)

Thermal reverse isomerization Kinetics

Thermal reverse isomerization kinetics of cis to trans isomerization was followed by either
using UV-vis or NMR spectroscopy. Since cis-isomer is thermodynamically less stable it
spontaneously converts into the thermodynamically more stable trans-isomer at room
temperature. Kinetics of cis to trans thermal reverse isomerization follow first-order
exponential decay. Thermal stability of cis-isomer can be understood by the comparison of rate
constant or half-life. For higher temperature kinetics studies DMSO as a solvent was chosen
due to its aprotic nature and high boiling point. The following equations have been used for the

first-order exponential decay of cis-isomer or growth of trans-isomer.

The rate constant has been calculated using the following first-order rate equation:

Half-life was estimated from the rate constant using the following equation

_0.693

tn = T ............................................................ (2)

The activation parameters for the cis to trans thermal reverse isomerization step were obtained
using variable temperature kinetics plots. Rate constants obtained from these plots were utilized
to plot Eyring and Arrhenius plots.

Eyring equation

k=2 e(%g*) ............................................... 3)
¥
k=t (%o e )

The linear form of the Eyring equation (equation 5) was used for the estimation of activation
parameters, enthalpy of activation (AH¥), and entropy of activation (AS¥). The slope —(AH*/R)
of In(k/T) vs 1/T plot gives the value of (AH*) whereas the intercept (In(ks/h) + AS*/R) gives
the value of (ASY).

The linear form of the equation
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n () = — (Y @) 4 (m(52) + 25 ®)

The linear form of the Arrhenius equation (equation 8) was used for the estimation of
activation energy (Ea). The slope (—Ea/R) of In (k) vs (1/T) plot gives the value of activation
energy (Ea).

Arrhenius equation

k= AeR) (6)

Ink = INA——% .. (7)
Eq (1

Ik = —Z2(2) + 1A oo (8)

The first-order exponential fitting of plots was used for estimation of error in rate constant and
half-life using Origin software. The error estimation in activation parameters was performed

according to the literature reports.? 2

Quantum yield

Quantum yield was calculated using previously reported method:*®.

The rate of a unidirectional photochemical reaction initiated with monochromatic light is

given by:

Tanp = AR (1 — 10724[A]) (1)

When the absorbance is much less than 0.43, Taylor expansion of the exponential and
truncation at the linear term gives an approximate first-order rate equation (2) from which an
expression relating the quantum yield to an observed first-order rate constant, photon flux

and measurable properties of the sample can be derived (3):

g = %*BW [4] )
kv
(pA_)B o qin€alln10 (3)
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Where @ = quantum yield; k= rate constant (obtained from the exponential fit of a graph of
A vs. time); V = sample volume; 4= molar extinction coefficient; [ = pathlength; and q =

molar photon flux.

Molar photon flux was calculated using equation

__ P2
- hcN 4

din (4)

where P = power (of the laser); A = pump wavelength; h = Planck’s constant; ¢ = speed of

light; and N4, = Avogadro’s number.
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